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A Pharmacokinetics and Pharmacodynamics (PK/PD) Guided Approach to Lead
Optimization of Nitrofuranylamide Anti-Tuberculosis Agents
Abstract
Currently used treatment strategies for tuberculosis (TB) involve administration of multiple drug
combinations for a minimum of 6-9 months. However, these prolonged regimens do not always achieve
sterilization, as evidenced by post-therapy relapse in a subgroup of treated individuals. In an effort to
develop novel therapeutic agents for TB a new class of chemical agents, nitrofuranylamides, is being
developed at the University of Tennessee Health Science Center. We hypothesized that the application of
an iterative pharmacokinetics and pharmacodynamics (PK/PD) guided approach would facilitate the
optimization of nitrofuranylamide lead compounds suitable for further development.
First, we examined the biopharmaceutic properties and preclinical PK of nitrofuranylamide lead
compounds. The first tested lead compound, Lee 562, exhibited a high systemic clearance, short terminal
half-life, and low oral bioavailability of 15.9%. These observations were further supported by the poor
metabolic stability of Lee 562. Thus, two second generation follow-up compounds, Lee 878 and Lee 952
were tested that included structural modifications for increased metabolic stability. Both compounds
showed improved metabolic stability compared to Lee 562. As expected, this in vitro observation
translated into an increased in vivo stability (lower plasma clearance) of Lee 878 compared to Lee 562
and Lee 952, with a 20- and 10-fold higher systemic exposure, respectively. As a consequence, oral
bioavailability of Lee 878 reached ~27% compared to 16% for Lee 952 and Lee 562. We then tested a new
set of nine third generation compounds for microsomal metabolic stability to guide selection of a stable
compound with even higher oral bioavailability. From this panel Lee 1106 was selected for further PK
evaluation in rats. Lee 1106 exhibited favorable PK properties such as a low systemic clearance and a
long terminal half-life. However, oral bioavailability of Lee 1106 was poor (4.6%). Biopharmaceutic
evaluation of the compound showed that the compound has poor aqueous solubility and a high clogP.
Further, the plasma protein binding of the compound was found to be high underlining the hydrophobicity
of the molecule. Based on these results, a PK guided screening paradigm was developed for optimization
of the nitrofuranylamide lead compounds.
In order to add pharmacodynamic considerations to the lead optimization approach, we developed a
novel in vitro PK/PD model and validated the model by studying the activity of a first line anti-TB drug,
isoniazid (INH) against M. bovis BCG as a model organism. M. bovis BCG in the model was treated with
multiple doses of INH mimicking concentration-time profiles encountered during multiple dosing in vivo.
The time-kill data was analyzed using a semi-mechanistic PK/PD model that included an adaptive IC50
function for explaining the re-growth of bacteria observed over the course of treatment. The PK/PD model
was able to describe the data well. The PK/PD index AUC0-24/MIC was found to be the most explanatory
of antimicrobial effect of INH. These findings are in agreement with the previously published studies and
suggest that the in vitro PK/PD model can be used for assessing the antimycobacterial activity of lead
compounds.
Thus, the in vitro PK/PD model was subsequently applied to establish time-kill curves for dosing regimens
of lead compound Lee 1106. Lee 1106 showed exposure-dependent killing of M. bovis BCG. A semimechanistic PK/PD model was developed to describe the Lee 1106 mediated killing of bacteria. The
model was subsequently used for numerical simulation experiments to predict the killing effect of
different untested multiple dose regimens of Lee 1106 in mice. It was found that the once daily regimen is
most adequate for further studies in the mouse model of TB. The information gained from the PK/PD
evaluation and the simulation experiments illustrate the utility of the PK/PD guided approach for the
selection of compounds with favorable properties for a high likelihood of in vivo efficacy.

In summary, we have successfully developed an iterative PK/PD guided process for lead optimization of
nitrofuranylamides that uses a set of biopharmaceutic, pharmacokinetic and pharmacodynamic
evaluations as criteria for compound and dose selection to move to subsequent development levels.
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ABSTRACT
Currently used treatment strategies for tuberculosis (TB) involve administration
of multiple drug combinations for a minimum of 6-9 months. However, these prolonged
regimens do not always achieve sterilization, as evidenced by post-therapy relapse in a
subgroup of treated individuals. In an effort to develop novel therapeutic agents for TB a
new class of chemical agents, nitrofuranylamides, is being developed at the University of
Tennessee Health Science Center. We hypothesized that the application of an iterative
pharmacokinetics and pharmacodynamics (PK/PD) guided approach would facilitate the
optimization of nitrofuranylamide lead compounds suitable for further development.
First, we examined the biopharmaceutic properties and preclinical PK of
nitrofuranylamide lead compounds. The first tested lead compound, Lee 562, exhibited a
high systemic clearance, short terminal half-life, and low oral bioavailability of 15.9%.
These observations were further supported by the poor metabolic stability of Lee 562.
Thus, two second generation follow-up compounds, Lee 878 and Lee 952 were tested
that included structural modifications for increased metabolic stability. Both compounds
showed improved metabolic stability compared to Lee 562. As expected, this in vitro
observation translated into an increased in vivo stability (lower plasma clearance) of Lee
878 compared to Lee 562 and Lee 952, with a 20- and 10-fold higher systemic exposure,
respectively. As a consequence, oral bioavailability of Lee 878 reached ~27% compared
to 16% for Lee 952 and Lee 562. We then tested a new set of nine third generation
compounds for microsomal metabolic stability to guide selection of a stable compound
with even higher oral bioavailability. From this panel Lee 1106 was selected for further
PK evaluation in rats. Lee 1106 exhibited favorable PK properties such as a low systemic
clearance and a long terminal half-life. However, oral bioavailability of Lee 1106 was
poor (4.6%). Biopharmaceutic evaluation of the compound showed that the compound
has poor aqueous solubility and a high clogP. Further, the plasma protein binding of the
compound was found to be high underlining the hydrophobicity of the molecule. Based
on these results, a PK guided screening paradigm was developed for optimization of the
nitrofuranylamide lead compounds.
In order to add pharmacodynamic considerations to the lead optimization
approach, we developed a novel in vitro PK/PD model and validated the model by
studying the activity of a first line anti-TB drug, isoniazid (INH) against M. bovis BCG as
a model organism. M. bovis BCG in the model was treated with multiple doses of INH
mimicking concentration-time profiles encountered during multiple dosing in vivo. The
time-kill data was analyzed using a semi-mechanistic PK/PD model that included an
adaptive IC50 function for explaining the re-growth of bacteria observed over the course
of treatment. The PK/PD model was able to describe the data well. The PK/PD index
AUC0-24/MIC was found to be the most explanatory of antimicrobial effect of INH. These
findings are in agreement with the previously published studies and suggest that the in
vitro PK/PD model can be used for assessing the antimycobacterial activity of lead
compounds.
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Thus, the in vitro PK/PD model was subsequently applied to establish time-kill
curves for dosing regimens of lead compound Lee 1106. Lee 1106 showed exposuredependent killing of M. bovis BCG. A semi-mechanistic PK/PD model was developed to
describe the Lee 1106 mediated killing of bacteria. The model was subsequently used for
numerical simulation experiments to predict the killing effect of different untested
multiple dose regimens of Lee 1106 in mice. It was found that the once daily regimen is
most adequate for further studies in the mouse model of TB. The information gained
from the PK/PD evaluation and the simulation experiments illustrate the utility of the
PK/PD guided approach for the selection of compounds with favorable properties for a
high likelihood of in vivo efficacy.
In summary, we have successfully developed an iterative PK/PD guided process
for lead optimization of nitrofuranylamides that uses a set of biopharmaceutic,
pharmacokinetic and pharmacodynamic evaluations as criteria for compound and dose
selection to move to subsequent development levels.
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CHAPTER 1. INTRODUCTION*
Tuberculosis and Drug Development
Tuberculosis (TB) is a chronic, air-borne infectious disease caused by
Mycobacterium tuberculosis (M.tb). According to the World Health Organization
(WHO), one-third of the world population is currently infected with TB, and
approximately 10% of these individuals are expected to develop active TB at some point
in their lifetime. TB emerged as a leading killer among HIV-infected people with
declined immune function. A quarter of a million TB deaths are HIV associated. The
majority of TB deaths occurs in the developing world (countries of Latin America, Asia,
and Africa), affecting mostly young adults in their most productive years which creates
an adverse impact on global economics [1].
Currently used treatment strategies involve administration of multiple drugs for a
minimum of 6 to 9 months. However, this prolonged regimen does not always achieve
sterilization, as evidenced by post-therapy relapse in a subgroup of treated individuals
[2]. Development of resistance to treatment is a hallmark of TB. The prevalence of multidrug resistant tuberculosis (MDR-TB) is very high in underdeveloped nations due to lack
of adherence to therapy. Treatment of MDR-TB is 100 times costlier than drug sensitive
TB, increases the duration of therapy and necessitates the use of more toxic second-line
drugs [1]. MDR-TB is present in all 109 countries recently surveyed by the WHO and the
incidence rate of MDR-TB and XDR-TB (Extensively Drug Resistant TB) is increasing
worldwide. MDR-TB is defined as TB resistant to the main first-line drugs, isoniazid and
rifampicin. XDR-TB is defined as TB with MDR resistance as well as resistance to any
one of the fluoroquinolone drugs and to at least one of the three injectable second-line
drugs, amikacin, capreomycin or kanamycin. Although the annual incidence rate of TB
cases in the United States and other industrialized nations is decreasing steadily, the
increase in incidence rate of MDR and XDR-TB cases is raising concerns regarding
progress towards the goal of TB eradication in these nations. The rise of MDR and XDRTB cases worldwide is also increasing concerns that we may lose control of the spread of
TB [1, 3].
Discovery and development of antibiotics in general is in a declining phase due to
the lack of commercial incentive and the perceived small market potential. This is
because newly developed antibiotics are often reserved for treating only drug resistant
bacterial infections which limits their market size [4]. Higher distribution of TB cases in
the poorest nations of the world and steady decline in the number of TB cases in the
developed world are further worsening the condition of TB drug discovery research [5].
Consequently, there is an urgent need to develop novel, fast acting anti-TB drugs with
high potency that can provide treatment options for MDR and XDR-TB, reduce the
*This chapter adapted with permission. Budha, N.R., R.E. Lee, and B. Meibohm,
Biopharmaceutics, pharmacokinetics and pharmacodynamics of antituberculosis drugs.
Curr Med Chem, 2008. 15(8): p. 809-25 [152].
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duration of therapy to improve adherence, and decrease the interaction potential with
anti-HIV agents.
Drug discovery research has undergone remarkable changes in the last decade.
Many new technologies and strategies have been developed and these developments
resulted in new opportunities for accumulating detailed information about drug
candidates. Examples include high throughput screening (HTS), combinatorial chemistry/
high throughput synthesis of libraries, genomics, proteomics and computational
approaches [6]. HTS campaigns have produced large numbers of hits that have been
subsequently optimized into high affinity ligands for many therapeutic targets. However,
often this has resulted in high molecular weight compounds with poor biopharmaceutic
and pharmacokinetic properties creating a major bottleneck in drug discovery research.
Poor pharmacokinetic properties secondary to poor biopharmaceutical and/or
physicochemical properties are accountable for the majority of failures in early drug
development [7]. The in vivo activity of anti-infectives is dictated by their intrinsic
antimicrobial activity and their free, unbound concentration in the target tissue, as only
free, non-protein bound drug is pharmacologically active. Biopharmaceutic and
pharmacokinetic properties consequently play a fundamental role in the efficacy of
antibiotics, as they determine a drug’s rate and extent of absorption as well as its
disposition and tissue distribution profile. It has become imperative to consider
biopharmaceutic properties like solubility, permeability and other physicochemical
properties for increasing the success rate in developing new molecules [8, 9]. This
approach is now an integral part of most drug development programs [10-12].
In the following sections, we discuss the properties of a desirable TB target, the
targets of current TB drugs, focus on important biopharmaceutic, pharmacokinetic, and
pharmacodynamic properties desirable in antitubercular drug development, and provide a
brief account on the properties of antimycobacterial medications in use and under
development.
Attributes of an Ideal TB Drug Target
It is quite likely that there exists no single ideal target for tuberculosis therapy,
rather tuberculosis should be viewed as an atypical infection with multiple
subpopulations of bacteria showing differential drug sensitivity that may need to be
targeted by a combination of different drugs. Currently it is believed that the most
important subpopulations to be targeted by new anti-tuberculosis agents are actively
growing and persister populations (bacterial cells that neither grow nor die in the
presence of antibiotics). Thus, activity against all the subpopulations is a prerequisite for
successful eradication. In order for a TB target to be ‘druggable’ it should be essential for
the bacterium’s survival, have a fully elucidated function, be amenable to a high
throughput functional assay, and have no close human ortholog such that specific
inhibitors can be generated [13]. The properties of current TB drug targets in relation to
the outlined attributes for an ideal target are provided in Table 1-1. Desirable properties
of a TB drug target are described in the following [14].
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Table 1-1.
Drug

Target

Multiple targets including
acyl carrier protein
reductase (InhA)
RNA polymerase β
Rifampicin
subunit
Membrane energy
Pyrazinamide
metabolism
Isoniazid

Ethambutol
Streptomycin
Kanamycin

Arabinosyl transferase
Ribosomal S12 protein
and 16S rRNA
16SrRNA

Moxifloxacin DNA gyrase
Acyl carrier protein
Ethionamide
reductase (InhA)

Essentiality

Existing Anti-Tuberculosis Drug Targets.

Bactericidal Sterilizing Uniqueness/ Spectrum of
3D
Testability
Validity References
Activity
Activity
Selectivity
Activity
Structure

+++

+++

+

+++

Narrow

None

Available

+++

[18, 19]

+++

+++

+++

+++

Medium

None

Available

+++

[20]

+++

+

+++

+++

Narrow

None

+++

[21]

+++

++

+

+++

Narrow

None

+++

[22]

+++

+

+

+++

Broad

None

Available

+++

[23]

+++

++

++

+++

Broad

None

Available

+++

[24, 25]

+++

+++

++

++

Broad

None

Available

+++

[26]

+++

++

+

+++

Narrow

None

Available

+++

[18, 19]

Available

+++

[27, 28]

Available

+++

[29]

Currently
unknown

+++

[30, 31]

PAS

Thymidylate synthase

+++

+

+

++

Medium

Cycloserine

D-alanine racemase

+++

+

+

++

Medium

Thiacetazone Currently unknown

+++

+

+

+++

Narrow
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Currently
unknown
Currently
unknown
None

Not
available
Not
available

•

•
•
•
•

•
•
•

Essentiality – desired target should be essential for bacterial growth (in vitro as
well as in vivo), metabolism and viability. Inactivation of target should result in
immediate bacterial death or inability to persist. Target enzyme/protein encoding
gene should belong to a highly conserved region in the bacterial genome.
Bactericidal activity – target inhibition should result in rapid killing of actively
growing bacteria.
Sterilizing activity – target inhibition should result in killing of dormant/persistent
bacterial population and reduce the duration of therapy.
Uniqueness/selectivity – desired target should not contain a direct mammalian
ortholog for target specificity and avoiding host toxicity.
Narrow spectrum of activity - corresponding target should not be available in
other bacterial species to avoid emergence of drug resistance to TB because of
inadvertent use of antibacterial in other infections and to avoid GI side effects
from overgrowth of resistant gut flora during prolonged therapy.
Testability – the effect of inhibiting a target should be easily testable i.e., a test
system should be available for screening purposes. The target should be amenable
to whole-cell or cell free high throughput screening format.
Availability of 3D structure – X-ray crystal or NMR structural information should
ideally be available to guide optimization of the emerging leads.
Validity – target should have extensive validation such that the active site is
‘druggable’ i.e., that suitably sized small molecule inhibitors with drug like
properties can bind to it efficiently blocking enzyme function, and that the target
can thus be used with confidence for developing drug candidates.
Different Targets Available for TB Therapy: Old and New

Most of the currently used anti-TB drugs were discovered serendipitously by
screening compounds for anti-tuberculosis properties [15]. For instance, isoniazid (INH)
was discovered after observing the growth inhibiting property of its precursor molecule,
nicotinamide. Similarly, pyrazinamide would not have been discovered had it not been
tested directly in animals, an approach that would be highly unusual today [16]. Prior to
the determination of the sequence of the M.tb genome [17], most of the screening
activities in TB research relied on a small number of existing targets and whole cell
screening. The determination of the M.tb genome sequence revealed a multitude of
potential targets, which at the time was hailed as a great breakthrough. However, no new
drug candidates have come from new genomically derived targets due to a variety of
reasons. First, validation of a target is time-consuming with many components such as,
demonstration of biochemical activity of the enzyme and confirmation of essentiality of
the target, which is particularly laborious for M.tb. Secondly, M.tb has a characteristic
lipophilic cell wall and intracellular penetration is essential for activity for most targets.
Thus, compounds that show activity in cell free biochemical screens often are not active
in live bacteria as they cannot penetrate the cell wall. This is particularly true when the
enzyme target has a polar active site, such as many important metabolic enzymes that
would otherwise be ideal targets. Finally, compounds showing activity in whole cell
screening against rapidly growing TB are often not active against persistent forms of TB
4

i.e., latent TB infection. Some of the most important targets, old and new, available for
TB drug discovery are reviewed briefly in the following section. Detailed reviews on
various TB targets are provided elsewhere [24, 32-34].
Cell Wall Biosynthesis
M.tb has a unique, complex cell wall structure. It consists of three covalently
linked macromolecules, peptidoglycan, arabinogalactan, and mycolic acids.
•

•

•

Enoyl carrier protein reductase (InhA): Enzymes of the mycobacterial fatty acid
biosynthesis pathway, the FAS II complex, are responsible for the biosynthesis of
mycolic acids [35]. Mycolic acids are branched β-hydroxy fatty acids composed
of an intermediate length (C24-C26) saturated α-chain and a longer (>C50)
meromycolate chain that contains characteristic functional moieties. Enoyl carrier
protein reductase (InhA) is the enzyme of the FAS II complex that catalyzes the
final step in the elongation of mycolic acids [18]. The anti-TB drugs INH and
ethionamide both act by inhibiting this enzyme, but via different mechanisms.
Recently, a new generation of promising biphenyl InhA and Fab I inhibitors have
been developed that do not require prodrug activation [36].
Arabinosyl transferases are responsible for synthesis of the unique
arabinogalactan component of mycobacterial cell wall [22]. The anti-TB drug
ethambutol acts by inhibiting this pathway. Recently, a novel enzyme,
arabinofuranosyl transferase (AftA), has been identified that catalyzes the addition
of the first key arabinofuranosyl residue to the galactan domain of the cell wall,
thus priming the galactan for further elongation [37]. This enzyme and others in
the arabinogalactan biosynthesis pathway have been found essential for growth
and could serve as potential targets for drug discovery [38-40].
D-alanine racemase (Alr) catalyzes the first committed step in the bacterial
peptidoglycan biosynthesis. Peptidoglycan is a structural component of most
bacterial species including mycobacteria. The second-line anti-TB drug
cycloserine exerts activity by inhibiting this enzyme [29].

Nucleic Acid Synthesis
•
•

RNA polymerase is responsible for transcribing RNA from DNA. The β-subunit
of this enzyme is the target of the first-line anti-TB drug rifampicin and other
drugs in the rifamycins class [20].
DNA gyrase (Topoisomerase IV) is responsible for unwinding the DNA supercoil
for replication and transcription [26]. Drugs belonging to the fluoroquinolone
class such as moxifloxacin and ciprofloxacin act by inhibiting this enzyme and
show good anti-tuberculosis activity [41].
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Protein Biosynthesis
Streptomycin, an aminoglycoside antibiotic, acts by interfering with protein
synthesis. The site of action is at ribosomal protein S12 (rpsL) of the 30S subunit of the
ribosome, and 16S rRNA (rrs) in the protein synthesis [23]. The other drugs in the class,
kanamycin, amikacin and capreomycin also exhibit similar action by inhibiting 16S
rRNA in protein synthesis [24]. Linezolid, which belongs to the new orally active
oxazolidinone class of antibiotics, inhibits protein synthesis at the early stage by binding
to the 50S subunit of the 23S ribosomal RNA and has shown promising anti-tuberculosis
activity [42].
Co-factor Biosynthesis
Folate derivatives are cofactors utilized in the biosynthesis of essential molecules
such as purines, pyrimidines and amino acids. Bacteria synthesize these folate cofactors
via a de novo pathway. Dihydrofolate reductase and dihydropteroate synthase are the two
enzymes involved in the folate biosynthesis that have been the targets for antibacterial
drug discovery for many years. Para-aminosalicylic acid (PAS), an anti-TB drug, is
thought to have activity on dihydrofolate reductase [27, 32].
Miscellaneous Targets
•
•
•

•

Pyrazinamide, a first-line anti-TB drug, exhibits activity only in vivo. It is thought
to act by de-energizing the proton motive force of the membrane that affects
membrane transport [21].
TMC207 (R207910), a novel diaryl quinoline analog in development, acts by
inhibiting ATP synthase, a novel target for TB drug discovery [43].
Isocitrate lyase (ICL), an enzyme in the glyoxylate pathway that allows the net
synthesis of dicarboxylic acids from C2 compounds such as acetate, has been
found essential for the survival of persistent TB organisms [44] and because of
this feature ICL is viewed by many as an important target for future anti-TB drug
discovery.
Other targets that are being explored as novel drug targets include proteins
involved in amino acid biosynthesis, regulatory proteins, proteins involved in
stringent response, and enzymes involved in terpenoid biosynthesis [32].
Ideal Properties of an Anti-TB Drug

Desirable properties for a new drug are determined by unmet needs. The
objectives of a newly developed antitubercular therapy are threefold [15]:
•

The newly developed TB treatment should reduce the duration of therapy and the
number of doses needed to be taken per day.
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•
•

The newly developed TB treatment should provide treatment options for
multidrug resistant tuberculosis (MDR-TB) and extensively drug resistant
tuberculosis (XDR-TB) that are not otherwise treatable with an existing therapy.
The newly developed TB treatment should provide treatment options for latent
TB infections and should be able to eradicate its existence in low-incidence
countries. This is an important requirement as one-third of the world’s population
is currently infected with TB and reactivation to an active TB could occur when
the immune system is weakened.

As stated earlier, the in vivo activity of anti-infectives is dictated by their intrinsic
antimicrobial activity and their free, unbound concentration in the target tissue, which is
determined by its biopharmaceutic and pharmacokinetic properties. Desirable
characteristics of a new TB drug from the biopharmaceutic, pharmacokinetic and
pharmacodynamic point of view are discussed in the following [15].
Biopharmaceutic Properties
TB calls for chronic therapy. Accordingly, patient adherence to the dosing
regimen is crucial to the success of therapy as well as to prevent emergence of drug
resistance. Oral administration is the route of choice for TB drugs due to its ease of
administration and good patient adherence. Consequently, high oral bioavailability is
imperative for a new TB drug. Aqueous solubility and gastrointestinal permeability are
two important prerequisites for high oral bioavailability. Further, the compound should
also have sufficient physical and chemical stability to ensure a long shelf-life. In addition,
the compound should not have any physical or chemical incompatibility with other TB
drugs used in combination regimens.
Pharmacokinetic Properties
The compound should allow less frequent dosing (once a day or once weekly)
than current regimens for improved patient adherence. Accordingly, a new TB drug is
required to have a long elimination half-life. In addition, a new TB drug should be
devoid of drug interaction potential with the other drugs used in TB as well as drugs used
to treat comorbid conditions such as HIV infection. The compound should not have high
protein binding, which could limit the free fraction available for drug action.
Pharmacodynamic Properties
A new TB drug is expected to have activity against actively replicating and
persistent populations of mycobacteria in intracellular and extracellular environments.
Activity against dormant/persistent bacteria facilitates shortening of the duration of
therapy. The compound should provide treatment options for MDR-TB and XDR-TB.
The compound should prevent emergence of drug resistance either alone or in
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combination therapy. In addition, the compound should not produce cross-resistance to
other antibiotics. This could be achieved provided the compound has a novel mechanism
of action. A new TB drug is also expected to treat latent TB (LTB). The compound
should have no acute or long-term toxicity. This is an important feature for a new TB
drug since TB drugs usually are taken for much longer durations than normal antibiotic
therapies. The compound should not produce drug-comorbid disease interactions.
Thiacetazone, for example, produces severe cutaneous hypersensitivity reactions in HIV
infected populations [45].
Biopharmaceutic, Pharmacokinetic, and Pharmacodynamic Properties of Anti-TB
Drugs
Biopharmaceutics
Biopharmaceutics is concerned with the relationship between physicochemical
properties of drug molecules and its dosage forms on the rate and extent of drug
absorption. The most important biopharmaceutical/physicochemical properties that
influence the rate and extent of absorption of drugs are solubility and permeability [4648]. Other important parameters include lipophilicity, charge state (pKa) and stability in
gastrointestinal fluids [6, 49, 50].
Solubility
Solubility is a key property for the absorption of orally administered drugs. A
compound is conventionally classified as highly soluble when the largest dose of the
compound is soluble in less than 250 mL water over a pH range from 1.0 to 7.5. ‘Soluble’
compounds have a solubility range of greater than or equal to 33 mg/mL. ‘Sparingly
soluble’ compounds have a range from 10-33 mg/mL, ‘slightly soluble’ compounds from
1-10 mg/mL, and ‘very slightly soluble’ compounds from 0.1-1 mg/mL. Compounds
with solubility below 1 mg/mL are classified as ‘practically insoluble’. Sparingly soluble
compounds are frequently difficult to formulate into oral dosage forms that promote the
bioavailability of the active ingredient.
Permeability
Permeability is another key biopharmaceutical property that depicts the ability of
a molecule to cross biological membranes, which in turn largely affects its uptake and
disposition in the body. The rate and extent of absorption of a drug after oral
administration is dependent upon the concentration of drug in the intestinal lumen and
permeability of the intestinal mucosa provided the drug is not degraded or metabolized in
the gut. Aqueous solubility of above 50 μg/mL is acceptable for a compound that has
mid-range permeability and an average potency of 1 mg/kg in most preclinical drug
development programs. pKa, the negative logarithm of acid dissociation constant of a
molecule, provides a perspective on the acidic or basic nature of a molecule and is useful
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to calculate the extent of ionization of a molecule in an aqueous environment. In practical
terms, the unionized molecule exists for acids 2 pH units below and for bases 2 pH units
above its pKa. Degree of ionization affects the lipophilicity of a molecule, and
eventually affects permeability and many other physicochemical properties. Amidon et
al. proposed a biopharmaceutics classification system (BCS) under which drugs can be
categorized into four groups according to their solubility and permeability properties
[46]. Drugs with high solubility and high permeability are grouped into class I, low
solubility and high permeability into class II, high solubility and low permeability into
class III, and low solubility and low permeability into class IV. Drugs falling under classI are considered ideal and those falling under II and III exhibit solubility and permeability
limited absorption, respectively. Drugs falling under class IV are not desirable as they are
difficult to be developed as orally active molecules. Currently used antitubercular agents
are classified according to the BCS in Table 1-2 [46]. Ideally, the classification of drug
solubility should be based on the experimental solubility values and permeability
classification on the experimental human jejunal permeability data or well-defined mass
balance studies. Since the experimental permeability data is not readily available for most
of the drugs, permeability classification was done in this review based on the n-octanolwater partition coefficient (logP). Compounds having a dose number (D0) ≤1 (D0 =
maximum dose strength (mg)/[250 x solubility (mg/mL)]) are considered as highly
soluble and those having an n-octanol-water partition coefficient (logP) values of above
1.72 are considered as highly permeable compounds [51].
Pharmacokinetics
Pharmacokinetics (PK) describes the time course of absorption, distribution,
metabolism and excretion of drug substances in the body. In essence, pharmacokinetics
describes ‘what happens to a drug molecule in the body’ [52]. The utility of
pharmacokinetics lies in determining the best way to administer a drug to achieve its
therapeutic objective. PK parameters of first-line and second-line anti-TB drugs are given
in Table 1-3.
Absorption
The process of in vivo drug absorption is a complex phenomenon involving
several mechanisms. The principal mechanisms of drug absorption include passive
diffusion (transcellular and paracellular) and carrier-mediated transport (active transport
and facilitated diffusion). Physicochemical properties such as solubility, lipophilicity,
charge state (extent of ionization) and stability, and physiological conditions such as
gastric emptying time, intestinal transit time and gastrointestinal pH influence the
absorption of drug molecules across the gastrointestinal mucosa. En route to systemic
circulation, a drug has also to cross ‘metabolic barriers’ such as first-pass intestinal and
hepatic metabolism. The ‘metabolic barriers’ coupled with the physicochemical barriers
determine the extent of drug absorbed from a given oral dose.
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Table 1-2.

Biopharmaceutic Properties of Anti-Tuberculosis Drugs.

MW

Maximum
Dose Strength
(mg)

Aqueous
Solubility
(mg/mL)

Dose Number
(D0)

LogP

Isoniazid

137.1

300

140

0.009

0.64

Rifampin
Pyrazinamide
Ethambutol.2HCl
Streptomycin
Kanamycin
PAS
Cycloserine

823.0
123.1
277.2
581.6
484.5
153.1
102.1

300
400
400
500
500
4000
500

12
0.107
0.016
N/A
N/A
9.58
0.02

Ethionamide

166.2

500

Ciprofloxacin. HCl
Ofloxacin
Linezolid
Moxifloxacin
Gatifloxacin
Metronidazole

331.3
361.4
337.3
401.4
375.4
171.2

750
400
600
400
400
500

0.1 (2.8*)
15 (26.5$)
100
>20
Freely soluble
1.67
100
Practically
insoluble
10
28.3
3
na
40-60
10

Drug

pKa

BCS
Class

References

3

[51, 53]

3.72
-1.41
0.06
-8.005
-7.936
1.012
-1.631

2.0, 3.6 and
10.8
1.7 and 7.9
0.5
6.6 and 9.5
na
na
2.015
na

2
3
3
N/A
N/A
4
3

[51, 54, 55]
[51, 54]
[51, 56]
[51, 54, 57]
[51, 54, 58]
[51, 54, 59]
[51, 54, 60]

>20

0.705

na

4

[51, 54]

0.3
0.0056
0.8
na
0.04-0.027
0.2

1.335
1.268
0.232
2.033
1.801
-0.262

6.09
na
na
na
na
na

3
3
3
na
1
3

[51, 54]
[51, 54]
[51, 54]
[51, 54]
[51, 54]
[51, 54]

* Solubility at pH 7.5.
$ Solubility at temperature 38°C.
N/A: Not applicable (administered by intramuscular injection).
Dose number (D0) is calculated using the formula, D0= Maximum dose strength (mg)/[250 (mL)* solubility (mg/mL)].
LogP: n-Octanol-water partition coefficient.
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Table 1-3.
Drug
Isoniazid
Rifampicin
Ethambutol
Pyrazinamide
Ethionamide
Thiacetazone
PAS
Cycloserine
Streptomycin*
Kanamycin*
Rifapentine
Ciprofloxacin
Ofloxacin
Moxifloxacin
Gatifloxacin
Linezolid

Dose
(mg)
300
600
800
1000
250
150
Free Acid 4000
Sodium Salt
4000
750
1000
1000
600
750
600
400
400
600

F

Pharmacokinetic Parameters of Anti-Tuberculosis Drugs.
t1/2
(hr)

2-4.5 (Slow)
0.75-1.8 (Fast)
90-95%
2-5
70-80%
3-4
>70%
10-24
>90%
2-3
na
4
-

Protein
Binding

Tmax
(hr)

Cmax
(mg/L)

Negligible

1-2

3-5

60-90%
6-30%
5-10%
30%
~95%

1.5-2
2-4
2
1-3
4-5
3-4

3-10
2-5
45-65
2.16
1.6-3.2
41-68

0.5-1

76-104

3-4
<1
<1
5-6
1-2
1-2
1-3
1-2
1-2

20-35
50-60
20-35
8-30
4.3
10
2.5-5
2.33-3.59
9-16

na

2-3

15%

70-90%
na
70%
85-95%
86-92%
96%
~100%

10
2-4
2-3
14-18
4
3-7
12-14
7-14
4.5-5.5

na
35-57%
Negligible
98%
20-40%
20-30%
26-50%
20%
31%

*Streptomycin and kanamycin are administered intramuscularly.
# Includes unchanged drug and metabolites (hydrazones).
a Vss/F and CL/F reported.
b CL/F.
c Varea/F and CL/F reported.
d V/F reported.
e CLrenal reported.
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Volume of %Excreted
Clearance
Distribution Unchanged References
(L/hr)
Vd (L)
in Urine
a
22.7-39.5
5-9#
a
[61-63]
36.4-57.4
24-34#
11-20.2 a
8-21.42 b
55
4-10
[31, 61-65]
32.8-39.5
19-21
75-80
[61-63]
0.84-9.66 c 40-52c
4-14
[61-63]
na
93.5d
1
[61-63]
na
na
42
[61-63]
na

7.4

30

[61-63]

na
na
na
na
18e
na
9.1-11.6
11.4
6-12

8-18
76-115
13-28
na
260
90
119-189
126
40-50

70
90
99
<10
40-50
75
20
>70
30

[61-63]
[61-63]
[62]
[61, 64]
[66, 67]
[66-68]
[66, 69]
[66, 70]
[71]

Distribution
Once drug has entered the vascular system, it gets distributed throughout the
various tissues and body fluids. However, most drugs do not distribute uniformly and
similarly throughout the body. The differences in tissue distribution of drugs can be
attributed to differential tissue affinity, blood flow to tissues, ability to cross
biomembranes and physicochemical properties (lipophilicity and extent of ionization).
Many drugs interact with body components such as proteins and other macromolecules.
Binding to protein structures in the plasma is an important binding process for many
drugs, and plasma protein binding is a major determinant of drug disposition. It is a well
known fact that the drug bound to protein is not pharmacologically active, and is
oftentimes not accessible to drug metabolizing enzymes (e.g. in the liver) and excretion
processes of organs such as kidneys and lungs. Furthermore, binding to proteins also
restricts the mobility of drug across biomembranes. On the contrary, free drug is relevant
for the pharmacological effects as it can interact with pharmacologic target structures,
can be metabolized and excreted, and may pass biomembranes. Thus, only free drug
concentrations are of therapeutic interest.
Metabolism
Metabolism/biotransformation and excretion are the two major pathways of drug
elimination from the body. In general, metabolizing enzymes convert drugs into more
polar molecules that can easily be excreted by elimination organs such as the kidneys.
Usually, metabolism results in immediate loss of activity due to changes in lipophilicity,
polarity etc. that hinders a drug’s access to its site of action. However, biotransformation
makes some drugs more potent than the parent compounds (bioactivation). Metabolism
takes place by enzymatic catalysis, predominantly in the liver, but may also occur in
other body organs and tissues such as plasma, kidneys, lungs and intestines. Diverse
classes of enzymes are available for elimination of drugs in the body. Based on the
proportion of drugs and endogenous molecules metabolized, the most important and the
best-characterized class of drug-metabolizing enzymes is the cytochrome P450 (CYP)
family [72]. It is involved in the oxidative metabolism of many endogenous chemicals, as
well as herbal components and drug molecules.
Excretion
Excretion is referred to as the irreversible removal of drug from the body.
Although the kidneys are the major organ of drug excretion, drug molecules are also
excreted from several other organs such as the lungs, the intestines, the skin, and the liver
via the bile. The major mechanisms of drug excretion in the kidneys include glomerular
filtration and active tubular secretion. Drugs with small molecular weight are removed by
glomerular filtration. Their removal, however, is limited to only the free fraction of drug
in the plasma. Physicochemical parameters such as lipophilicity, solubility, urinary pH
and ionization status of a molecule play a role in the elimination by the kidneys.
Lipophilic drugs get frequently reabsorbed by passive diffusion processes summarized as
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tubular reabsorption. Thus the tubular reabsorption process limits drug excretion by the
kidneys.
Tubular secretion in the kidneys as well as biliary secretion in the liver are active
transporter-mediated elimination processes. Active drug transport across biomembranes
has recently been identified playing a major role in drug absorption, distribution and
elimination processes. The human MDR1 gene product, p-glycoprotein, has been
described as a major determinant of pharmacokinetics of numerous drugs. Other
transporters such as multidrug resistant proteins in the liver, MRP1 and MRP2, are also
involved in the elimination of numerous drug molecules and their metabolites. In the
kidneys, active tubular secretion is largely mediated by a series of organic cation (OCT)
and anion (OAT) transporters.
A brief discussion of key PK parameters is provided in the following for a better
understanding of their implications in drug development and pharmacotherapy:
Bioavailability (F)
Oral bioavailability of drugs is defined as rate and extent to which a drug is
absorbed and becomes available in the systemic circulation. Extent of oral bioavailability
(F) of a drug molecule is expressed as the fraction of the orally administered dose relative
to an intravenous dose that gets absorbed into the systemic circulation. F ranges from 0
(0% absorption) to 1 (100% absorption). The absolute oral bioavailability (F) is of great
interest as it determines the dose to maintain concentrations sufficient for effective
pharmacotherapy.
Clearance (CL)
Clearance is a measure of drug removal efficiency from the body. In general,
more than one organ contributes to the elimination of drug from the body and total
clearance of a drug is the sum of all elimination organ clearances. Clearance is a
fundamental pharmacokinetic property. It determines exposure to a given drug dose and
consequently determines (together with F) the dose of a drug to achieve effective
pharmacotherapy. Also, clearance is a determinant of the elimination half-life of a drug
and consequently, determines together with volume of distribution the frequency of drug
administration.
Volume of Distribution (Vd)
The volume of distribution relates the amount of drug in the body to the plasma
drug concentration. The magnitude of Vd indicates whether the drug is residing largely
within or outside the vascular space. Vd is also a fundamental pharmacokinetic property.
Together with clearance, it determines elimination half-life of the drug and consequently,
frequency of drug administration.
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Half-life (t½)
The elimination half-life (t1/2) of a drug is the time required for elimination of half
of the bioavailable dose. It is a derived pharmacokinetic parameter and is determined by
the two fundamental parameters of drug disposition, clearance and volume of
distribution.

t1/ 2 =

0.693 × Vd
CL

The elimination half-life of a drug determines the frequency of drug
administration. Together with the extent of bioavailability (F) and clearance (CL), it
determines the dosage regimen for effective pharmacotherapy.
Pharmacodynamics

Pharmacodynamics (PD) is defined as the intensity of a drug effect in relation to
its concentration in the body. In general, pharmacodynamics is what the drug does to the
body [52]. However, antimicrobial pharmacodynamics is what the drug does to the
pathogen residing in the host organism.
Measures of Anti-Tuberculosis Activity
The minimum inhibitory concentration (MIC) and the minimum bactericidal
concentration (MBC) have been the major pharmacodynamic parameters used to quantify
the activity of an antimicrobial agent against the infecting pathogen. The MIC is defined
as the lowest drug concentration that inhibits growth of microorganisms after 16-20 h of
incubation with a standard inoculum (1-5 x 105 CFU/mL) [73]. The MBC is defined as
the drug concentration that produces 99.99% killing of the initial inoculum. The MIC
and the MBC are in vitro measures of antimicrobial’s efficacy. In vivo measures of
antitubercular activity include early bactericidal activity (EBA) and sterilizing activity of
a drug. EBA is defined as the rate of fall of colony forming units (CFU/mL) in the
sputum of patients during the first two days of drug treatment and is expressed as log10
(CFU/mL)/day. The EBA of a drug reduces the viable counts of bacteria in the patient’s
sputum rapidly thereby rendering them noninfectious. Sterilizing activity of a drug is
defined as the ability to sterilize the sputum, caseous granulomas in the lungs and the
spleen and prevent relapse, i.e., it captures activity against slow growing and persister
populations of mycobacteria which are responsible for relapse.
In vivo Models of Anti-Tuberculosis Activity
For the assessment of in vivo efficacy, several animal models of TB have been
established in a variety of species, including mice, guinea pig, rabbit and non-human
primates. The choice of animal model must be weighed against the feature of the disease
captured by the model and careful interpretation of the data obtained from each model is
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warranted. Detailed reviews on various animal models of TB can be found elsewhere [7477].
The availability of a variety of genetically defined mouse strains as well as their
ease of manipulation, housing and their low cost made murine models of TB most
popular among the available models. However, the pathology of disease in murine
models is markedly different from humans. After aerosol infection, the granulomas
developed in the lungs are not well-formed structures as opposed to human disease.
Caseous necrosis and cavity formation that are characteristic of human M.tb infection are
not observed in the mouse model of TB. During the active TB infection, human lung
contains an array of granulomas (solid, caseous, necrotic and cavitary) with varying
numbers of bacteria. In contrast, little or no such heterogeneity is observed in mouse
lung. During the chronic phase of the disease, unlike humans, high numbers of bacteria
are found in the lungs and the spleen [74, 76]. Thus, the mouse model is not ideal for
studying latent TB. However, murine models can be used for evaluation of EBA of novel
drug compounds and new dosing regimens.
Recently, interferon-γ (IFN-γ) knockout mouse models have been utilized for
rapid screening of the efficacy of new drug compounds against TB. Without the
protective IFN-γ gene, these mice are highly susceptible to the M.tb infection and,
therefore, the activity of a compound can be seen rapidly when compared to untreated
controls. This sensitive mouse model requires only 9 days of treatment and a small
number of animals, which makes it an ideal model for first line testing of TB compounds
[78]. Wayne showed in his in vitro model of dormancy that the oxygen depleted M.tb
cultures enter a non-replicating persistence state [79]. Recently, it has been shown that
animals infected intranasally with oxygen depleted cultures can be used to test against TB
vaccines [80]. Once optimized, this model also may be used to screen the activity of
candidate drugs against persistent forms of TB.
The formation of granulomas and associated caseation in rabbit and guinea pig
models of TB is closely similar to human disease. Hematogenous spread to uninfected
lobes occurs in both models. The exponential increase in bacterial numbers in the lungs
and caseous necrosis during cell mediated immunity in guinea pigs ultimately progress to
fatal disease within a time frame of several months to a year. Persistent populations of
bacteria have been observed in the primary lesions. Thus, the guinea pig model may be
useful to screen new drug compounds against persistent forms of TB [81]. Since rabbits
are more resistant to M.tb infection and highly susceptible to Mycobacterium bovis, much
of the research in rabbits has been carried out using M. bovis. Caseation is moderate, and
cavity formation and bronchial dissemination are observed in rabbit lungs [74, 76].
TB in non-human primates is markedly similar to human disease and exhibits
antigen induced T-lymphocyte activity both in vitro and in vivo. Although expensive, it is
the best currently available model of latent TB [74, 76]. Since shortening of duration of
TB therapy is largely dependent on eradicating the latent disease, the non-human primate
model is probably the best model for studying the efficacy of new drugs and combination
treatment regimens.
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First-Line Agents
Isoniazid

Isoniazid (INH) is highly active against M.tb with an MIC of 0.01-0.25 μg/mL. It
is bactericidal against rapidly dividing bacteria, but has limited activity against slow
growing populations. INH is a prodrug that requires activation by the catalase (katG)
gene of M.tb [82, 83]. The action of INH is quite complex and involves several targets
[84], but the most significant is InhA causing interference with the synthesis of mycolic
acids, an essential component of the mycobacterial cell wall [85]. Drug resistance to INH
is commonly mediated via mutations in the katG gene, leading to the loss of catalaseperoxidase activity and the failure to produce toxic INH derivatives [82]. INH is known
to cause hepatotoxicity in a small number of patients, with an increased risk for
individuals with a slow acetylator phenotype.
INH is highly hydrophilic in nature and has a high, temperature-dependent water
solubility of 14 g in 100 mL at 25˚C and 26 g in 100 mL at 40˚C [53]. The aqueous
solubility of INH is highly favorable for oral absorption. There is a discrepancy in the
literature on the acid dissociation constants (pKa) of INH. This is in part due to the
difference in measurement methods employed. INH has three different pKa values, pKa1
= 2.13, pKa2 = 3.81 and pKa3 = 11.03 [86]. In another report, pKa values were found to
be 2.00, 3.6, and 10.8 for pKa1, pKa2 and pKa3, respectively [87]. INH exists in an
ionized state in the entire pH range of the gastrointestinal tract. The hydrophilicity of
INH is further reflected by its low n-octanol-water partition coefficient of 0.64. [51].
Hydrophilicity, low-n-octanol water partition coefficient and charge state, however, result
in a relatively low permeability of INH. Thus, INH can be classified under BCS as a
class-III drug, i.e., a compound with high solubility and low permeability [51]. However,
this classification is based on the correlation between partition coefficients and
permeability of the compounds and such correlations have only limited predictability.
The data on INH oral absorption and permeability are rather inconclusive for its BCS
classification, but it suggests INH to be on the borderline of BCS class-I and class-III
[88]. As with the other BCS class-III drugs, oral absorption of INH is decreased by food.
Following oral administration, INH undergoes rapid and complete absorption with
peaks occurring 1-2 hours after drug intake. Absorption of INH is decreased by food and
antacids. INH is distributed extensively into tissues and body fluids including CSF. It
passes through the placental barrier and is secreted into milk achieving concentrations
comparable to plasma. Protein binding of the drug is negligible. It is metabolized in the
liver primarily by acetylation and dehydrazination. The acetylation of INH is mediated by
a polymorphically expressed enzyme, N-acetyl transferase 2 (NAT2). As a result, the
population can be divided as slow acetylators and fast acetylators based on their NAT2
metabolizing capacity. The majority of Asians and about 50% of Caucasians and Blacks
are rapid acetylators. However, the rate of elimination does not significantly alter the
effectiveness of the drug. 5-30% of the orally administered drug is excreted in the urine,
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mostly as metabolites. Higher percentages have been observed after IV administration
suggesting significant first-pass metabolism [62, 89-91].
Rifampicin

Rifampicin (RIF) is the mainstay of current anti-tuberculosis therapy. Chemical
structure of RIF and other established anti-TB drugs are shown in Figure 1-1. RIF shows
bactericidal activity against both actively growing and slowly metabolizing non-growing
bacilli [24, 83]. RIF in concentrations of 0.005-0.2 μg/mL inhibits the growth of M.tb in
vitro. RIF’s activity against dormant forms of mycobacteria is thought to be responsible
for its effect of reducing the duration of TB therapy necessary for sterilization [92].
Resistance to RIF is thought to occur primarily through changes in the rpoB gene leading
to alteration of the target site on RNA polymerase [93]. Resistance to RIF has been
reported to also confer cross-resistance to other rifamycins such as rifabutin and
rifapentine. RIF’s metabolite, 25-desacetyl rifampin, retains most of RIF’s activity.
Frequent adverse effects of RIF include skin rash, fever and GI distress. Allergic
reactions also have been reported in the treatment with RIF and occur more frequently
during high dose treatment (>900 mg twice weekly) [83, 89, 94].
Analogous to INH, RIF also exhibits pH and temperature dependent water
solubility. At room temperature RIF has a solubility of 2.8 mg/mL at pH 7.5 and 99.5
mg/mL at pH 2.0 [55]. At 37˚C, RIF shows a solubility of 200 mg/mL in 0.1N HCl and
9.9 mg/mL in phosphate buffer pH 7.4 [95]. RIF is very stable in solid state in sealed
containers at room temperature. In contrast, it shows decreased stability in aqueous
solutions. It undergoes desacetylation at alkaline pH and transforms into a quinone in the
presence of oxygen. RIF has two pKa values, 1.7 and 7.9. It has an n-octanol-water
partition coefficient of 3.72 and is classified as a BCS class II drug, i.e., a low solubility
and high permeability drug [51].
RIF is well absorbed after oral administration (oral bioavailability of 90-95%)
with therapeutic concentrations occurring in the body 2-4 hours after drug intake. Food
interferes with the absorption of rifampicin resulting in an approximate 30% reduction in
the bioavailability. RIF is widely distributed in the body and is about 80% bound to
plasma proteins. RIF is distributed readily into cavity lining, lung parenchyma and
kidneys. In contrast, distribution into caseous tissue and cerebrospinal fluid (CSF) are
much poorer [96]. Though the distribution into CSF is poorer than into lung tissue, RIF
still achieves therapeutic concentrations in CSF. Distribution into CSF is enhanced in
local inflammatory conditions such as meningitis [62, 89]. RIF may discolor body fluids
such as urine and tears, producing an orange-red color. RIF is metabolized in the body to
a desacetylated derivative, which is also active. Importantly, RIF induces the activity of
the phase-I drug metabolizing enzymes CYP3A, CYP1A2 and CYP2C [97, 98], the
phase-II enzymes glucuronosyl transferases and sulfotransferases [98, 99], and efflux
transporter such as p-glycoprotein [100]. It has also been shown to induce the activity of
CYP2D6 in individuals with extensive metabolizer phenotype for this enzyme [101]. In
addition, RIF induces hepatic enzymes that accelerate its desacetylation. As a result, the
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half-life of RIF is progressively shortened by about 40% during the first 14 days of
treatment. However, RIF is not metabolized by CYP metabolism. RIF and its metabolites
are rapidly excreted into the bile and undergo enterohepatic circulation. Intestinal
reabsorption of desacetylated derivatives, however, is poor and about 65% of the drug is
excreted in the feces. About 35% of the drug is excreted in the urine, with approximately
half of this being unchanged drug [62].
Pyrazinamide

Pyrazinamide (PZA) is a structural analog of nicotinamide used exclusively for
TB therapy. PZA is a paradoxical drug that does not show any activity against
mycobacteria under normal culture conditions at neutral pH but shows high in vivo
sterilizing activity [102]. PZA shows in vitro activity only in acidic cultures [103, 104].
Activity of PZA at acidic pH makes it ideal drug for killing tuberculosis residing in acidic
phagosomes within infected macrophages [105]. Addition of PZA to a combination
pharmacotherapy against tuberculosis for the first two months reduces the treatment
duration by at least 6 months [92]. PZA is a prodrug requiring conversion to its active
form, pyrazinoic acid (POA) by the enzyme pyrazinamidase/nicotinamidase in
mycobacteria [24, 106]. A mutation in pncA that encodes pyrazinamidase is thought to be
the mechanism of resistance to PZA in some M.tb strains [106, 107]. Most commonly
observed adverse effects of PZA are gastrointestinal distress, arthralgias and elevations in
the serum uric acid levels. Hepatotoxicity is the major limiting toxicity for treatment with
PZA [83].
PZA, a hydrophilic drug, exhibits temperature dependent water solubility. It
shows solubility of 0.64 g/100 g of solution at 0˚C and 2.65 g/100 g solution at 37˚C
[108]. PZA exhibits good stability in the solid state, in both wet or dry atmosphere and
daylight. PZA has a reported pKa value of 0.5 and exists in the ionized state in the
gastrointestinal tract. Hydrophilicity of PZA is reflected by its low n-octanol-water
partition coefficient of -1.41. PZA is classified as a BCS class-III drug, i.e., a high
solubility, low permeability drug [51].
PZA is readily absorbed after oral administration with peak concentrations
occurring two hours after drug administration. PZA is widely distributed throughout the
body. It has excellent tissue penetration in CNS, lungs and liver and achieves high levels
in the cerebrospinal fluid as well. Plasma protein binding of the drug is about 10%. PZA
is metabolized in the body by hydrolysis followed by hydroxylation to 5hydroxypyrazinoic acid. PZA has a relatively long elimination half-life of 9-10 hours,
and metabolites are excreted by the kidneys. The plasma half-life may be prolonged in
patients with impaired hepatic or renal function. About 4-14% of the drug is excreted
unchanged in urine [62, 89, 90].
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Ethambutol

Ethambutol (EMB) is used as a first-line agent replacing para-aminosalicylic acid
due to its better patient tolerability. EMB is active against all forms of mycobacteria but it
is generally bacteriostatic. EMB is used in combination regimens while awaiting
susceptibility data to INH, RIF and PZA. Use of EMB can be stopped provided the
organism is susceptible to the three first-line drugs [83]. EMB interferes with the
biosynthesis of a mycobacterial cell wall polysaccharide, arabinogalactan [109]. The
enzyme arabinosyl transferase, encoded by embB, is thought to be the major target of
EMB [110]. In M.tb, embB is present in an operon along with two other genes, embC and
embA in the order of embCAB. These three genes share more than 65% amino acid
sequence homology with each other [110]. Mutations in the operon embCAB are thought
to be responsible for resistance to EMB [110]. The major adverse effect with EMB
treatment is reversible retrobulbar neuritis [83].
EMB is available as dihydrochloride salt and free base. The free base is sparingly
soluble in water and shows relatively good solubility in organic solvents [111]. On the
contrary, the dihydrochloride salt is readily soluble in water (100 mg/mL) and dimethyl
sulfoxide and is sparingly soluble in organic solvents [56]. EMB is a weak base with
reported pKa values of 6.6 and 9.5. EMB is also a hydrophilic drug and exists in the
ionized state throughout the gastrointestinal tract. The hydrophilicity of EMB is further
reflected by its low n-octanol-water partition coefficient of 0.06. Based on logP and
aqueous solubility, EMB can be classified as a BCS class-III drug, i.e., a high solubility
and low permeability drug [51].
EMB is absorbed rapidly after oral administration with an absolute oral
bioavailability of 70-80%. Peak plasma concentrations occur 2-4 hours after drug intake
and the drug is well distributed throughout the body and is only about 30% bound to
plasma proteins. EMB does not enter CSF, limiting its use in CSF infections.
Approximately 15% of the drug is metabolized to aldehyde and dicarboxylic acid
metabolites. EMB has an elimination half-life of 3-4 hours and the majority of the drug
(75-80% of bioavailable dose) is excreted unchanged in urine. The plasma half-life may
be prolonged in renal insufficiency, requiring dosage adjustment. 20-22% of the drug is
excreted unchanged into the feces [62, 90, 105, 112].
Second-Line Agents
Streptomycin

Streptomycin (SM) is an aminoglycoside antibiotic produced from Streptomyces
griseus. Concentrations ranging from 0.4-10 μg/mL inhibit the growth of the vast
majority of strains of M.tb. SM is often used as an additional drug while awaiting
susceptibility test results for hospitalized patients and also used as important treatment for
some MDR-TB and XDR-TB strains [83]. Streptomycin was shown to cause ototoxicity
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and nephrotoxicity on chronic use. Nephrotoxicity caused by SM is mild and reversible
compared with other aminoglycoside antibiotics but administration is often painful and
poorly tolerated by patients [83].
SM is available as free base and sulfate, hydrochloride and calcium chloride salt
forms. All forms are very soluble in water (>20 mg/mL) and practically insoluble in
chloroform and ether [57].
Because of its polycationic nature SM is not absorbable after oral administration.
Thus, it needs to be given by intramuscular injection or intravenously. The dose of SM is
15 mg/kg per day for patients with normal renal function. It is typically administered as
1000 mg single daily dose or 500 mg twice daily dose, resulting in peak serum levels of
about 50-60 μg/mL and 15-30 μg/mL, respectively, within one hour of intramuscular
administration. SM is widely distributed into body tissues and fluids, passes through the
placental barrier and is secreted into milk. However, distribution of SM into the CSF is
limited. About 35-57% of the drug is protein bound. The majority of the drug undergoes
renal elimination (~90%) and no metabolites have been identified. SM has an elimination
half-life of about 2-4 hours. The elimination is dependent on renal function, and dosage
adjustment is necessary in case of renal insufficiency [61, 62, 105]
Para-Aminosalicylic Acid

Para-aminosalicylic acid (PAS), a structural analog of para-amino benzoic acid, is
bacteriostatic in nature. It inhibits the growth of M.tb in vitro at a concentration of 1
μg/mL. The antimicrobial activity of PAS is highly specific. Gastrointestinal disturbances
are the most commonly observed adverse effects with PAS therapy. It is also reported to
produce hypersensitivity reactions and rarely, hepatitis [31, 83].
PAS exits as free acid and as a sodium salt. PAS shows a solubility of 1 g in 600
mL water [59]. PAS has a reported pKa value of 2.015 and exists in the ionized state
throughout the gastrointestinal tract. The n-octanol-water partition coefficient of PAS
was reported as 1.012. Based on this partition coefficient and aqueous solubility, PAS can
be classified as a BCS class-IV drug, i.e., a low solubility and low permeability drug.
PAS is readily absorbed after oral administration with peak plasma concentrations
occurring within 2 hours after drug intake. A single oral dose of 4 g of the free acid
results in peak serum concentrations of 41-68 μg/mL, whereas 4 g of sodium salt results
in peak serum concentrations of 76-104 μg/mL. PAS is well distributed throughout body
while distribution into CSF is low. PAS is metabolized by acetylation and >50% of drug
is acetylated. In contrast to INH, the acetylation of PAS is mediated by N-acetyl
transferase 1 (NAT1), for which in contrast to NAT2 genetic variants with defective
function are relatively rare [113]. In addition to acetylation, a N-glycyl derivative of PAS
is observed in the plasma. When PAS is concomitantly administered with INH the in vivo
acetylation of PAS competes with the acetylation of INH, resulting in higher plasma
concentrations of free INH than when INH is given alone. This is believed to be due to

21

the competition for coenzyme A by the acetylating enzyme systems. However, this fact
has no clinical relevance. The drug has an elimination half-life of 2-3 hours and more
than 80% is excreted unchanged in the urine. Elimination of the drug is retarded in case
of renal impairment [30, 31, 62, 90, 105].
Kanamycin

Kanamycin (KM) is an aminoglycoside antibiotic produced by Streptomyces
kanamyceticus. KM is comprised of three components, Kanamycin A, B and C.
Kanamycin A is the major component of all and designated as kanamycin. KM shows
inhibitory activity against M.tb at concentrations of about 6 μg/mL in vitro. KM is more
active at alkaline pH and exerts a rapid bactericidal effect at concentrations little above
the MIC. Like other aminoglycosides, KM inhibits protein synthesis. KM has poor
patient tolerability due pain associated with its injection. Minor side effects similar to
those encountered with streptomycin have been described with KM therapy. Eosinophilia
in the absence of other manifestations of allergy occurs in about 10% of treated
individuals. The most important toxic effect with KM therapy is nephrotoxicity [31].
KM exists as free base, mono sulfate form and acid sulfate form. All forms are
soluble in water and almost insoluble in organic solvents. The mono sulfate form shows a
solubility of 350 mg/mL whereas the acid sulfate shows a solubility of 1 part in 1 part of
water [58]. KM is highly hydrophilic in nature and has a logP value of -7.936. Since KM
is only administered intramuscularly, BCS classification is not applicable.
Like streptomycin, KM is poorly absorbed from the gastrointestinal tract. Less
than 1% of the dose is absorbed after either oral or rectal administration. The drug is
administered via deep intramuscular injection and is rapidly absorbed from the
intramuscular site of injection. An intramuscular dose of 7.5 mg/kg of KM results in peak
serum levels of 20-35 μg/mL. Because of its polar nature penetration of KM into cells is
poor and distribution of the drug is limited to extracellular spaces. About 99% of KM is
excreted unchanged in the urine. The elimination half-life of KM is approximately 2-3
hours and may be prolonged in case of renal insufficiency [105].
Ethionamide

Although ethionamide (ETH) is bactericidal in nature, large doses are required for
achieving bactericidal concentrations in serum and these doses produce severe
gastrointestinal disturbances. Thus, ETH could be considered as bacteriostatic agent [83].
ETH suppresses the multiplication of M.tb in the concentrations ranging from 0.6 to 2.5
μg/mL. ETH is a prodrug structurally related to INH that when activated targets the same
InhA - mycolic acid biosynthesis pathway [18]. ETH is activated by a monooxygenase,
EthA, in the mycobacteria [114, 115]. Mutations in the activation enzyme, EthA, and the
target, InhA, result in the development of resistance to ETH [116]. ETH is reported to
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produce dose limiting gastrointestinal toxicity. Hepatotoxicity and CNS toxicity such as
psychosis, peripheral neuritis and visual disturbances have also been reported [83].
Ethionamide is practically insoluble in water and is unstable on exposure to light.
ETH has a low n-octanol-water partition coefficient (0.705) and falls under BCS classIV.
After oral administration ETH is not subject to any appreciable first-pass
metabolism. Peak concentrations of about 2 μg/mL occur 3 hours after 250 mg of drug
intake. ETH is widely distributed in the body including CSF. It undergoes extensive
metabolism yielding several metabolites. ETH is eliminated quickly from the body with
an elimination half-life of 2-3 hours. ETH inhibits acetylation of INH in vitro. About 1%
of the drug is excreted unchanged via the kidneys [30, 62, 90, 105].
Ciprofloxacin

The fluoroquinolones ciprofloxacin (CIP), levofloxacin, ofloxacin and
sparfloxacin have been used in TB therapy and ciprofloxacin and ofloxacin are currently
used as second-line agents for the treatment of MDR-TB in the USA and other countries
[117]. CIP is bactericidal against M.tb. It acts by inhibiting DNA synthesis, targeting the
DNA gyrase A and B subunits. Mutations in the GyrA and GyrB subunits are responsible
for the development of resistance to CIP [24].
CIP exists as free base and a hydrochloride salt. Aqueous solubility of the free
base (1.1 mg/L) is much lower than the hydrochloride salt (10 mg/mL). CIP has a pKa
value of 6.09, and thus exists in an ionized state in the gastrointestinal tract. The noctanol-water partition coefficient (logP) of CIP is reported as 1.335 [54]. Based on
aqueous solubility and logP, CIP can be classified as a BCS class-III compound, i.e., a
high solubility and low permeability drug.
CIP is readily absorbed after oral administration with peaks occurring in less than
2 hours. The absolute bioavailability is approximately 70% without appreciable loss by
first pass metabolism. CIP is widely distributed in the body and about 20-40% of the drug
is bound to plasma proteins. CIP is metabolized primarily in the liver and four
metabolites have been identified in urine accounting for about 15% of the administered
dose. CIP has an elimination half-life of 3-6 hours in the body. About 40-50% of the
administered dose is excreted unchanged in the urine [61].
Ofloxacin

Ofloxacin (OFL) is also a fluoroquinolone antibiotic used as a second-line agent
for the treatment of MDR-TB. OFL, like CIP, is bactericidal against TB and acts by
inhibiting the enzyme DNA gyrase. Resistance to OFL can also confer cross-resistance to
other agents in this class of antibiotics [117].
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OFL is more soluble in water (28.3 mg/mL) than CIP. OFL has a reported logP
value of 1.268. Based on reported values of aqueous solubility and logP, OFL can be
classified as a BCS class-III drug, i.e., a high solubility and low permeability drug similar
to CIP [51, 54].
OFL is almost completely absorbed (85-95%) from the gut after oral
administration. Peak plasma concentrations are reached within 1-2 hours after drug
intake. OFL is widely distributed in the body and about 20-30% of the drug is bound to
plasma proteins. In contrast to CIP, OFL is not metabolized in the body and the majority
of drug (75%) is excreted unchanged in the urine [66-68].
Cycloserine

Cycloserine (CS) shows moderate activity against M.tb, with inhibitory activity at
concentrations of 5-20 μg/mL in vitro. No cross-resistance has been observed between
CS and other anti-tuberculosis agents. CS is a cell wall peptidoglycan synthesis inhibitor.
It blocks the action of D-alanine racemase (Alr) and D-alanine: D-alanine ligase (Ddl)
[118, 119]. Alr mediates L-alanine to D-alanine conversion; D-alanine then serves as a
substrate for Ddl. However, the mechanism of resistance to CS therapy is so far unclear
[24].
CS shows good water solubility (100 mg/mL) and is practically insoluble in
organic solvents [60]. CS is a hydrophilic drug with an n-octanol-water partition
coefficient (logP) of -1.631. Based on aqueous solubility and logP, CS can be classified
as a BCS class-III drug, i.e., a high solubility and low permeability drug.
CS is well absorbed (70-90%) after oral administration with peak plasma
concentrations occurring within 3-4 hours of drug intake. CS is extensively distributed
throughout the body including CSF. Very little of the drug undergoes metabolism and
most of it is eliminated renally as unchanged drug (70%). CS has an elimination half-life
of about 10 hours. The elimination half-life may be prolonged in patients with renal
insufficiency [62, 90, 120].
Thiacetazone

Thiacetazone is bacteriostatic in nature and is considered obsolete for
antitubercular pharmacotherapy [121] as it produces severe skin reactions including
Steven-Johnson syndrome [83].
Thiacetazone is only slightly soluble in water. It is readily absorbed from the gut.
Peak concentrations occur within 4-5 hours after drug administration. It is distributed
widely into different tissues in the body with varying tissue concentrations. The drug
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undergoes rapid elimination from the body and has an elimination half-life of 4 hours.
About 42% of the drug is excreted unchanged in the urine [30, 62, 90, 105].
Novel Compounds/Therapies

There has been a lot of interest in developing new compounds/therapies for the
treatment of tuberculosis in view of the emergence of MDR and XDR strains of TB.
Chemical structures of new and investigational anti-TB compounds are shown in Figure
1-2. In the following is a brief discussion on a novel set of compounds for which the
treatment of tuberculosis has recently been approved as a new indication and compounds
that are currently under clinical investigation for treatment of TB.
Rifapentine

Rifapentine, a newer agent in the class rifamycins, was approved for the treatment
of pulmonary tuberculosis by the US Food and Drug Administration in 1998. Rifapentine
inhibits the growth of M.tb in vitro at concentration of 0.04 μg/mL. The mechanism of
action of rifapentine is similar to that of rifampin [64].
The absolute bioavailability of rifapentine has not been determined. The relative
bioavailability with an oral solution was found to be approximately 70% after a 600 mg
oral dose in healthy volunteers. Peak serum concentrations ranging from 8 to 30 μg/mL
occur within 5-6 hours after a 600 mg oral dose of rifapentine. A high fat meal increases
bioavailability of the drug by about 50% [64]. Rifapentine and its active metabolite, 25desacetyl rifapentine, have excellent penetration into macrophages with ratios of
intracellular vs. extracellular concentration of 24-60 and 7, respectively [122].
Rifapentine is 97.7% bound to plasma proteins and has an elimination half-life of about
14-18 hours. It is hydrolyzed by intestinal and hepatic esterases to its desacetylated
metabolite. In the gastrointestinal tract rifapentine also undergoes non-enzymatic, acid
mediated degradation to a 3-formyl derivative. Rifapentine is a weak inducer of CYP
enzymes and its induction capacity lies somewhere in-between rifampin and rifabutin.
Auto-induction of metabolism has not been observed on repeated administration [64].
Following a single 600 mg oral dose of radiolabeled rifapentine to four healthy
volunteers, 17% of the total radioactivity was recovered in the urine and 70% in the feces
[123]. Due to its high activity and long elimination half-life, rifapentine has compared to
rifampicin the potential advantage of only needing to be administered twice weekly in the
intensive phase of treatment and once weekly in the continuation phase of treatment.
With this regimen, rifapentine reached similar efficacy measured as sputum culture
conversion rates as rifampicin administered once daily in the intensive phase and twice
weekly in the continuation phase of treatment [124].
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Moxifloxacin

The fourth generation fluoroquinolone moxifloxacin is perhaps the most active
quinolone antibiotic against M.tb [125]. Moxifloxacin is active against TB equivalent to
or greater than INH at a dose level of 25 mg/kg [126]. In a mouse model, moxifloxacin
monotherapy was equally effective as INH, and the combination of moxifloxacin with
INH was more effective than each drug alone [127]. Moxifloxacin has also shown early
bactericidal activity comparable to INH and rifampin in human subjects [128].
Moxifloxacin is readily absorbed from the gastrointestinal tract with an absolute
oral bioavailability of approximately 90%. Peak concentrations occur within 1-3 hours
after drug administration. Co-administration with a high fat meal does not affect
absorption of the drug. Moxifloxacin is approximately 50% bound to plasma proteins. It
is extensively distributed throughout the body with higher tissue levels than the
corresponding plasma concentrations and has a volume of distribution of 1.7-2.7 L/kg.
Moxifloxacin exhibits excellent penetration into alveolar macrophages and the epithelial
lining fluid with a mean tissue to plasma ratio of 21.2 and 8.7, respectively. It is
metabolized by glucuronidation (~14% of the dose) and sulfation (~38% of the dose).
The CYP enzyme system is neither involved in the metabolism of moxifloxacin nor is it
affected by moxifloxacin. The sulfate conjugate is excreted primarily in the feces
whereas glucuronide conjugated is excreted in the urine. About 45% of the drug is
excreted unchanged in the urine (~20%) and feces (~25%). Moxifloxacin has a mean
elimination half-life of 12-14 hours [129].
Gatifloxacin

Like moxifloxacin, gatifloxacin has also shown promising activity against M.tb
either in combination therapy or in monotherapy in mouse models [130]. Gatifloxacin has
been removed from the US market because of its adverse effects on glucose homeostasis
(disturbances in blood glucose levels, hypoglycemia and hyperglycemia) in both diabetic
and non-diabetic patients. Gatifloxacin exhibited potent activity against TB and no crossresistance with other classes of drugs was observed [130]. It has shown to be active
against occasionally dividing bacteria in an in vitro study [131, 132]. Early bactericidal
activity of gatifloxacin against TB is currently being investigated in an NIH sponsored
phase II clinical trial.
Gatifloxacin exhibits temperature dependent water solubility, with maximum
solubility (40-60 mg/mL) occurring in a pH range of 2-5[70].
Gatifloxacin is well absorbed after oral administration and peak concentrations
occur within 1-2 hours after drug intake. Its absolute bioavailability is 96%. Food does
not affect the absorption of the drug from the gastrointestinal tract. Plasma protein
binding of gatifloxacin was found to be 20% in healthy volunteers. Gatifloxacin
undergoes rapid tissue distribution after oral administration and achieves high
concentrations in respiratory fluids and tissues such as alveolar macrophages, lung
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parenchyma, bronchial mucosa, sputum and lung epithelial lining fluid. It undergoes
limited biotransformation in the body and is excreted to more than 70% unchanged in the
urine. Less than 1% of the drug is recovered in the urine as metabolites. The mean
elimination half-life of gatifloxacin ranges from 7-14 hours and is independent of dose
and route of administration [70].
Linezolid

Linezolid is an oxazolidinone compound approved recently for gram-positive
infections. It showed good activity against drug sensitive and resistant strains of M.tb
both in vitro and in animal studies [133]. However, long-term use of linezolid is
associated with myelosuppression and neurotoxicity. Although some recent studies have
shown the efficacy of linezolid in treating MDR-TB [134, 135], severe adverse effects
have been reported during its long-term use at a dose of 600 mg/day [136]. Hence,
linezolid may only be considered for treating MDR-TB.
Linezolid has an aqueous solubility of about 3 mg/mL. The n-octanol-water
partition coefficient (logP) of linezolid is reported as 0.232 [54]. Based on aqueous
solubility and logP, linezolid can be classified as a BCS class-III drug.
Linezolid is rapidly and completely absorbed after oral administration with an
absolute bioavailability of approximately 100%. Therefore, linezolid can be administered
orally or intravenously without dosage adjustment. Peak concentrations are reached
within 1-2 hours after drug intake. Food does not affect the extent absorbed, however, the
peak plasma concentration Cmax is decreased by 17% and the time at which the peak
concentration occurs (Tmax) is delayed from 1.5 hours to 2.2 hours when high fat food is
given with linezolid. Linezolid is readily distributed into highly perfused organs and is
about 31% bound to plasma proteins. It is primarily metabolized by oxidation of the
morpholine ring, producing two inactive metabolites. Linezolid is not detectably
metabolized by enzymes of CYP system in vitro and it does not inhibit the activities of
clinically significant CYP enzymes such as CYP1A2, 2C9, 2C19, 2D6, 2E1 and 3A.
Under steady-state conditions, approximately 50% of the dose is excreted as metabolites
and 30% as unchanged drug in the urine. Linezolid has a mean elimination half-life of
about 5 hours [137].
Metronidazole

Metronidazole is a well-known anti-infective agent that has never been used for
treatment of TB because it is inactive against rapidly growing aerobic TB cultures and
also in mouse infection disease models of TB. Recent experiments, however, have shown
it to be active against anaerobic cultures in vitro [138-140]. It has been suggested that the
disease pathology in humans is significantly different to that of the mouse, with closed
caseous necrotic lesions that are highly anoxic and are likely to contain anaerobic bacilli
[74, 141], which may be susceptible to metronidazole. Studies in rabbit models of TB
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that recapitulate this feature have demonstrated metronidazole to be highly effective
[142]. These studies suggest that metronidazole may have unique activity against
anaerobic subpopulations of TB bacilli. Because anoxic bacteria are highly resistant to
sterilizing effects of first-line drugs, such subpopulations of bacilli are thought to be
responsible for extending the duration of TB chemotherapy. A clinical trial sponsored by
the National Institutes of Health has started recruiting patients in South Korea to evaluate
the ability of metronidazole to kill anaerobic subpopulation of M.tb within MDR-TB
patients [142].
Metronidazole has an aqueous solubility of about 10 mg/mL and an n-octanolwater partition coefficient of -0.262 [54]. The low value of logP indicates hydrophilicity
of the compound. Based on these properties, metronidazole can be classified as a BCS
class-III drug.
Metronidazole is well absorbed after oral administration with peaks occurring 1-2
hours after drug intake. Metronidazole exhibits linear pharmacokinetics, i.e., plasma
concentrations and exposure follow dose proportionality. The drug is distributed widely
throughout the body and less than 20% of the circulating metronidazole is bound to
plasma proteins. In CSF, saliva and milk, metronidazole achieves concentrations similar
to those found in plasma. Further, bactericidal concentrations have also been observed in
the pus from hepatic abscesses. Metronidazole is primarily metabolized by side chain
oxidation and glucuronide conjugation. About 20% of the drug is excreted unchanged in
urine. Metronidazole has an elimination half-life of about 8 hours in healthy volunteers
[143].
PA-824

PA-824 is a novel nitroimidazopyran derivative currently under development by
the Global Alliance for TB Drug Development [77]. PA-824 acts mainly by inhibiting the
synthesis of cell wall components through molecular targets that are yet to be identified.
PA-824 showed high activity against drug sensitive and drug resistant strains of M.tb,
indicating absence of cross-resistance to current TB drugs [144]. Furthermore, PA-824
exhibits activity against both replicating and non-replicating strains of bacteria in vitro
making it a promising molecule for reducing the duration of therapy. PA-824 entered
human phase I trials in June 2005 [145].
PA-824 is highly lipophilic and exhibits poor aqueous solubility (~20 µg/mL)
[146]. This poor solubility resulted in inefficient drug delivery in animal models. Lipid
coated cyclodextrin complexation improved aqueous solubility as well as the drug’s oral
bioavailability from about 2 to 40% in mice. PA-824 is widely distributed in mice and
has an excellent tissue penetration in the lungs and spleen with tissue to plasma ratios of
about 5 and 4, respectively [146]. Concentrations of PA-824 were not significantly
different in mice when given alone or in various combination regimens including first
line TB drugs such as RIF, INH and PZA. This suggests that PA-824 does not produce
significant drug interactions with the first-line TB drugs. Peak serum concentrations
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achieved after a single oral dose of PA-824 in mice are 80 to 110 fold higher than the
MIC of 0.25 µg/mL [144].
OPC-67683

OPC-67683 is a nitro-dihydroimidazooxazole derivative currently being
developed by Otsuka Pharmaceuticals [147, 148]. In vitro data suggest that OPC-67683 is
highly active against both drug sensitive and drug resistant subpopulations of bacteria
(MIC 0.006-0.024 µg/mL). No cross-resistance has been observed with any of the
existing first-line drugs. In addition, OPC-67683 exhibited very high intracellular activity
against TB in a macrophage assay [147, 148]. Phase I safety, tolerability and
pharmacokinetic testing and a 7-day early bactericidal activity (EBA) study at a dose of
400 mg have been reported to be completed. A new formulation is being tested to
minimize fed vs. fasting effect in a multiple dose, multi-center extended EBA (14 days)
study at four dose levels (100, 200, 300 and 400 mg). No results have been published yet
[149].
In a murine experimental model of TB, OPC-67683 exhibited the longest terminal
half-life (7.6 hr) compared to all other first line drugs. Peak plasma concentration (Cmax
0.297 µg/mL) occurred about 6 hours after drug administration (2.5 mg/kg). The oral
bioavailability of the compound is in the range of 35-60% in mice, rats and dogs. OPC67683 is well distributed into tissues with a tissue to plasma ratio of about 3-7 in the
lungs. In vitro metabolism with animal and human microsomes suggests that the drug is
not metabolized by CYP enzymes and neither stimulates nor inhibits CYP enzymes at
concentrations up to 100 µM. This suggests that clinically significant drug interactions
are not expected with other CYP metabolized drugs at therapeutic levels [148].
TMC207

The diaryl quinoline TMC207 (previously, R207910) is a member of a new class
of anti-mycobacterial agents currently being developed by Tibotec Pharmaceuticals, a
research subsidiary of Johnson & Johnson. It has been found to have a new mode of
action that is different from the existing anti-TB agents, implying a low probability of
cross-resistance. TMC207 inhibits the proton pump of the M.tb ATP synthase, the main
source of energy for mycobacteria [43]. It has been recently identified that the oligomeric
subunit c (AtpE) of ATP synthase is the target of TMC207 [150]. A remarkable feature of
TMC207 is its exceptional specificity for mycobacteria. Though ATP synthase is a
ubiquitous enzyme found in most living organisms, a very limited sequence similarity
between the mycobacterial and human AtpE proteins was observed [151]. The compound
showed potent early bactericidal activity matching or exceeding that of INH in a nonestablished murine mouse model [171]. It also showed synergistic effects when given
with pyrazinamide in murine models [153, 154]. Phase IIa proof-of-concept studies were
completed recently in TB patients at three dose levels, 25, 100 and 400 mg given once
daily for one week. Bactericidal activity was observed at a dose of 400 mg. The
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compound was well tolerated and no major safety concerns were identified. Dosing
regimen and treatment duration needed for sterilization has not been defined in humans
yet. Phase II trials to determine dosing regimen, long-term safety and efficacy are
planned to start soon [155].
In a single ascending-dose pharmacokinetic study, TMC207 was well tolerated by
human volunteers without any severe adverse effects. It is well absorbed after oral
administration and peak concentrations (Cmax) occur about 5 hr after the dose. Absorption
of TMC207 is increased twofold with food. Plasma drug concentrations decline
triexponentially after Cmax is reached. The compound exhibits linear pharmacokinetics in
healthy volunteers as well as TB patients, i.e., a proportional increase in Cmax and area
under the curve (AUC) in the dose range tested (25-700 mg). A multiple-ascending dose
study suggests an ‘effective half-life’ of 24 hours. Steady state blood levels were not
achieved until 14 days of therapy due to the long terminal half-life. Steady state plasma
concentrations were higher than those effective in a mouse model of TB [43]. TMC207 is
metabolized by CYP3A4 enzymes. Thus, enzyme induction during co-administration
with rifampin lowered TMC207 levels by 50%.
TMC207 is an attractive candidate molecule for TB therapy because of its high
potency against drug sensitive and drug resistant TB strains, its novel mode of action and
its long elimination half-life [151]. However, it has several potential problems for
development as a first-line drug: influence of food on the oral absorption, druginteraction potential with the important first-line TB drug rifampicin, and minimal early
bactericidal activity (EBA) for the first four days of therapy when compared to INH and
RIF. However, EBA from days 5 to 7 is similar to INH and RIF at a dose of 400 mg. The
influence of food on the oral bioavailability would likely complicate designing a
standardized dosing regimen suitable for patients around the globe. Since TMC207 is
metabolized by CYP3A4, it is also likely subject to drug interactions with anti-HIV
therapeutics such as protease inhibitors raising concerns about its usefulness in HIV
positive TB patients [156]. Tibotec is considering the evaluation of the activity of
TMC207 in a phase II trial in MDR-TB patients because of the absence of RIF in the
standard MDR-TB regimen and the relatively low efficacy of the existing regimen in
these patients [157].
SQ109

SQ109 is a novel ethambutol analog developed from high throughput
combinatorial screening [158]. SQ109 shows good activity against TB in in vitro assays
including a macrophage assay and in an in vivo mouse model. It has shown efficacy and
potency in inhibiting intracellular mycobacteria that is similar to that of INH and superior
to ethambutol. SQ109 showed a dose dependent reduction of mycobacterial load in lungs
and spleen after 28 days of therapy at 0.1-25 mg/kg/day that was equivalent to
ethambutol at 100 mg/kg/day and was less potent than INH at 25 mg/kg/day [159]. On
substitution for ethambutol, SQ109 showed improved efficacy in combination therapy
with first-line TB drugs, isoniazid and rifampicin, in a chronic infection mouse models
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[160]. SQ109 is currently being tested for safety, tolerability and pharmacokinetics in
phase I clinical trials.
SQ109 undergoes rapid but incomplete absorption following oral administration
in mice, rats and Beagle dogs with peak concentrations occurring in less than an hour.
The compound has an oral bioavailability of 2.4-5, 12 and 3.8% in dogs, rats and mice,
respectively. After the oral administration of 14C labeled compound to rats, the highest
level of radioactivity was found in the liver followed by the lungs, the spleen and the
kidneys. 22.2% and 5.6% of the radioactivity was found in feces and urine, respectively.
The plasma protein binding of SQ109 varied from 6 to 23% depending on the species
(human, rat, mouse and dog), and the compound showed a terminal half-life of 5.3, 7.4
and 29.3 hours in mice, rats and dogs, respectively [161]. In an in vitro metabolic study
using 10 minute incubation with mouse, rat, dog and human microsomes, about 23, 48,
51 and 58% of SQ109 remained unchanged, respectively. The majority of SQ109 is
metabolized via oxidation, epoxidation and N-dealkylation in human liver microsomes.
CYP reaction phenotyping coupled with CYP specific inhibitors identified CYP2D6 and
CYP2C19 to be the predominant enzymes involved in the metabolism of SQ109.
The novel antitubercular compounds PA-824, OPC-67683, TMC207 and SQ109
are all in various phases of clinical development, raising the hopes for a more effective
eradication of TB. A closer look at the available data (mostly animal and few human
data) and the compounds’ predicted biopharmaceutic characteristics (Table 1-4) suggests
that all of these compounds suffer from poor aqueous solubility. Poor solubility coupled
with the high lipophilicity (characteristics of BCS class-II drugs) of these compounds
could be obstacles in developing oral formulations for efficient delivery. For instance, the
formulation used in the phase I and proof-of-concept studies of OPC-67683 needed to be
replaced with a newer formulation [149] and PA-824 exhibited poor bioavailability in
mice before a new formulation approach (lipid coated cyclodextrins) was used [146].
Furthermore, poor aqueous solubility frequently results in high interindividual variability
in oral absorption, and low oral bioavailability. Food influences the absorption of BCS
class-II drugs by either increasing the gastric residence time or increasing the solubility
(fatty food). Influence of food on the absorption is undesirable for a TB therapeutic since
it complicates the design of an effective, standardized dosing regimen suitable for TB
patients worldwide. Thus, it is important to focus on the aqueous solubility and
lipophilicity of novel compounds in the early stages of drug discovery to avoid potential
problems in their delivery.
PK/PD Parameters of Anti-TB Drugs

Anti-infective agents, in general, have been characterized by two different
patterns of killing, time-dependent and concentration-dependent killing. Intracellularly
acting drugs such as aminoglycosides, fluoroquinolones and rifamycins exhibit
concentration-dependent killing patterns whereas antibiotics that act on cell wall targets,
such as penicillins and cephalosporins exhibit time-dependent killing patterns. PK/PD
parameters such as AUC/MIC and Cmax/MIC explain the bactericidal activity of
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Table 1-4.

Biopharmaceutic and Pharmacokinetic Properties of Investigational Anti-Tuberculosis Drugs.

Compound

MW

PA-824

359.3

MIC
(µg/mL)
0.015-0.25

1.91

Solubility
(µg/mL)*
21.6

Bioavailability
(%)
2-40a

Half-life
(hr)
12.8-18.3a

OPC-67683

534.5

0.006-0.024

5.23

0.04

35-60b

7.6a

TMC207
SQ109

555.5
330.6

0.003-0.120
0.16-0.64

6.41
5.84

0.08
4.07

na
2.4-12b

24c
5.3-29.3b

clogP

*: In silico predicted solubility.
a: Data from PK studies in mice.
b: Data from PK studies in mice, rats, and dogs.
c: Data from PK studies in humans.
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concentration-dependent killers while time during which serum levels remain above MIC
(T>MIC) explains the efficacy of time dependent killers [165]. The magnitude of these
parameters varies among organisms for reliable prediction of bactericidal effect. For
fluoroquinolones, the bactericidal effect against gram-negative bacilli such as
Pseudomonas aeruginosa is observed at a Cmax/MIC ratio of >12 or AUC/MIC ratio
≥100-125, with poor activity at Cmax/MIC ratios <4. Maximum activity is achieved when
the AUC/MIC ratio exceeds 250 [166]. If this holds true for mycobacterial infections, the
effectiveness of rifampicin, ciprofloxacin, ofloxacin, streptomycin, amikacin and
kanamycin should improve by giving larger doses less frequently. However, limited
information exists on the PK/PD correlates of bactericidal activity of antitubercular
agents. Important PK/PD parameters of antitubercular agents are given in Table 1-5. So
far, very little or no correlation was observed between PK/PD measures and bactericidal
or sterilizing activity of anti-TB agents. Correction for protein binding did not improve
this correlation. PAS, a bacteriostatic agent, has surprisingly larger Cmax/MIC and
AUC/MIC ratios compared with rifampin and isoniazid. Recent studies in the aerosol
infected mouse model have shown that RIF and INH exhibit a concentration-dependent
killing pattern that correlates best with the AUC/MIC ratio [167, 168]. The same authors
have also shown AUC/MIC to be a reliable predictor of efficacy for the fluoroquinolones
moxifloxacin, sparfloxacin, ciprofloxacin and ofloxacin [169]. However, the PK/PD
parameters identified using a mouse model can predict only the early bactericidal activity
because of inherent drawbacks of these models. An important difference exists between
the aerosol infected mouse model of TB and human disease. Unlike humans, the
granulomas in mouse models are not progressed to caseation and liquefaction. Further,
after the onset of the chronic phase of the disease, unlike humans, the lungs and spleen of
mice contain high numbers of persisting bacteria [76]. Non-human primate models of TB
that recapitulate the human disease are ideal for identifying the clinically relevant PK/PD
predictors of sterilization efficacy of anti-TB agents. However, these models are very
expensive and are not suitable for screening compounds in the early stages of the drug
development process. Thus, more studies are needed to fill this gap between drug
discovery and clinical testing and provide definitive guidance in antitubercular drug
development.
In spite of remarkable developments in the fields of mycobacteriology and drug
development, the number of antitubercular drug molecules that have recently reached
clinical trials is small. The major bottlenecks in antitubercular drug development include
lack of inexpensive animal models to predict the efficacy of compounds under
development, a poor understanding of predictive PK/PD measures and a poor
understanding of latent TB infection. Recent reports on the emergence of extensively
drug-resistant tuberculosis (XDR-TB) [3]are concerning and reinforce the need for a
speedy development of agents with novel modes of action and lack of cross-resistance.
Novel molecules such as OPC-67683, TMC207 and PA-824 are promising candidates to
treat drug resistant TB and are expected to reach the market by 2012 [171]. TB
pharmacotherapy, however, also needs to be improved by developing more efficient
dosing regimens for the existing anti-TB drugs that allow for shortening the duration and
improving the adherence to therapy.
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Table 1-5.
Target

Drug

Isoniazid (Slow)
Cell wall
Components Isoniazid (Fast)

PK/PD Parameters of Anti-Tuberculosis Drugs.

Cmax/MIC T>MIC AUC/MIC
40

18

19.2

9

11.6

Protein
Binding
Negligible

fu
0.99

fu*
Bactericidal Sterilizing
fu*
References
Activity
Cmax/MIC AUC/MIC Activity
39.6

19.01
11.48

+++

+

[31, 62, 83]

Ethambutol

10

13

23.4

6-30%

0.7

7

16.38

++

+

[31, 62, 83]

Pyrazinamide

3.8

na

52

5-10%

0.9

3.42

46.8

+

+++

[31, 62, 170]

Ethionamide

1.6

1.5

1

30%

0.7

1.12

0.7

++

+

[31, 62, 83]

Thiacetazone

1.3

5.5

1.2

95%

0.05

0.065

0.06

+

+

[31, 62, 83]

Cycloserine

3.8

22.5

195.5

na

na

na

na

+

+

[31, 62, 83]

24

9

39.9

60-90%

0.1

2.4

3.99

+++

+++

[31, 62, 83]

10

8

124.5

35-57%

0.43

4.3

53.54

+

+

[31, 62, 83]

PAS

75

4

153.7

15%

0.85

63.75

130.6

+

+

[31, 62, 83]

Ciprofloxacin

5

10.5

16.9

20-40%

0.6

3

10.14

+

+

[31, 62, 83]

Ofloxacin

5

15.5

47.4

20-30%

0.7

3.5

33.18

+

+

[31, 62, 83]

Intracellular
Rifampicin
Targets
Streptomycin

Cmax/MIC: Ratio of peak serum concentration to minimum inhibitory concentration.
T>MIC: % of time during which the serum concentration remains above the MIC.
AUC/MIC: Ratio of area under plasma concentration-time curve to MIC.
Bactericidal Activity: Killing of rapidly dividing bacteria.
Sterilizing Activity: Total eradication of bacteria that includes rapidly dividing and dormant subpopulations.
fu: Fraction of unbound drug.
fu x Cmax/MIC and fu x AUC/MIC: PK/PD parameters calculated using free fraction of the drug.
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Central Hypothesis

The effectiveness of an antibacterial agent depends upon its ability to reach the
site of infection (intracellular and/or interstitial) in a sufficiently high unbound
concentration and to stay at the site of infection for a sufficiently long period of time. The
aspect of presentation of drugs to bacteria is governed by the pharmacokinetics (PK) of
the drug. The mere presence of an antibacterial agent at the site of infection is not
sufficient for its activity; the compound also needs to have the ability to penetrate the
bacterial cell wall to achieve sufficient intracellular concentrations and the compound
should have affinity for its target to achieve antimicrobial effect (intrinsic activity). The
aspects of a drug’s antimicrobial activity are termed pharmacodynamics (PD) [172]. It is
thus readily apparent that the in vivo activity of an anti-infective agent is determined by
its intrinsic antimicrobial activity and free, unbound concentration in the target tissue,
since only free, non-protein bound drug is pharmacologically active.
Traditionally, the antimicrobial drug development process has been a trial and
error approach in which different candidate compounds were tested for in vitro and
subsequently in vivo antimicrobial activity. This process is inefficient, resource intensive
and time consuming as it requires a large number of compounds to be screened to
identify a potential lead for further development. Pharmacokinetic/pharmacodynamic
(PK/PD) models in an integrated fashion provide powerful predictive capabilities for
drug efficacy in vivo [173, 174], and allow in silico modeling and simulation of the
effectiveness of different dosing regimens and treatment modalities [52, 175]. The
utilization of PK/PD principles from the early stages of drug development is believed to
result in scientifically driven, evidence-based, more focused and accelerated drug
development process [176-179]. The utilization of PK/PD principles in designing dosing
regimens and guiding drug development processes has been the common practice for
various classes of antibiotics in non-mycobacterial infections, especially for fast-growing
microorganisms [165, 180-186]. However, so far very limited information exists on the
PK/PD relationships of existing or novel anti-tubercular drugs and on the utility of these
relationships in guiding a drug development process. We hypothesized that an iterative
PK/PD guided paradigm involving pharmacokinetically guided lead optimization
followed by a pharmacodynamic evaluation in in vitro
pharmacokinetic/pharmacodynamic model would facilitate the identification of
antimycobacterial lead compounds suitable for further development. We investigated this
hypothesis for a novel class of nitrofuranylamides targeted against M. tuberculosis.
In specific aim 1 (Chapter 2), we developed an iterative pharmacokinetically
guided lead optimization paradigm based on a set of biopharmaceutic and in vivo
pharmacokinetic properties. We applied this approach in the lead optimization of a novel
class of nitrofuranylamides with antimycobacterial activity.
In specific aim 2 (Chapter 3), we developed a novel in vitro PK/PD model for
characterizing the time course of bacterial kill rates for antibiotic dosing regimens against
slow growing microorganisms, thereby capturing the dynamic interplay between
microorganisms and changing drug concentrations as encountered during prolonged
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antibiotic pharmacotherapy in vivo. We validated the in vitro PK/PD model by
characterizing the time course of bacterial kill rates for dosing regimens of a first line
anti-tuberculosis drug, isoniazid (INH) using M. bovis BCG as a model organism.
In specific aim 3 (Chapter 4), we determined time course of bacterial kill rates for
dosing regimens of a nitrofuranylamide lead compound, Lee 1106 in the in vitro PK/PD
model. Based on these data, we developed an in silico pharmacodynamic model for
describing the Lee 1106 mediated bacterial kill. We applied this in silico
pharmacodynamic model to predict the bactericidal effect of Lee 1106 at different,
untested dosing regimens by numerical simulation experiments, thereby gaining insights
on the potential in vivo antimycobacterial activity of Lee 1106.
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CHAPTER 2. PHARMACOKINETICALLY-GUIDED LEAD OPTIMIZATION
OF NITROFURANYLAMIDE ANTI-TUBERCULOSIS AGENTS*
Introduction

Mycobacterium tuberculosis (M.tb) is the causative agent of TB in humans. As
indicated by World Health Organization statistics, one-third of the world population is
currently infected with TB, and it is anticipated that close to 10% of these infected
individuals develop active TB at some point in their lifetime. TB is the second leading
cause of infectious disease mortality in the world with approximately 2 to 3 million
deaths per year [14]. Association of TB with HIV has proven to be fatal; a quarter of a
million TB deaths are HIV infection associated [1]. Current pharmacotherapeutic
regimens require treatment of TB with multiple drugs, including isoniazid, rifampicin,
ethambutol and pyrazinamide for a period of six months. Treatment of drug resistant TB
is more difficult requiring the usage of second-line agents that are associated with
increased toxicity [187]. Adherence to prolonged treatment regimens required to kill
persistent or latent bacteria and thus clear the infection is often poor, leading to treatment
failures and development of resistance to therapy. Recently, the emergence of XDR-TB
[3] has raised concerns that we may lose control over the spread of TB. Though currently
there are intensive efforts to develop new TB therapies, it is worth reflecting that no new
major classes of drugs have been approved for the treatment of TB since the introduction
of the rifamycins into the market in 1971 [188]. Thus, the availability of more potent
antibiotics that could effectively reduce the duration of therapy against M.tb is highly
desirable.
Besides good in vivo activity, an ideal TB drug should have minimal side effects,
high oral bioavailability, and a favorable pharmacokinetic profile, i.e., linear
pharmacokinetics and a long terminal half-life that would allow once-a-day dosing with
predictable and reproducible systemic exposure, and compatibility with existing HIV
medications for joint therapy. In an effort to develop new and more potent therapies to
treat TB, a novel class of anti-infectives with high in vitro activity against M.tb,
nitrofuranylamides, has recently been characterized by our group [189-192].
The main objective of the current work is to gain an understanding of the
preclinical pharmacokinetics of the nitrofuranylamide series of compounds, and to
improve the pharmacokinetic properties of these compounds via structural modification.
Because optimization of pharmacokinetic properties is frequently a rate limiting step in
the preclinical development of anti-tuberculosis agents [12, 193, 194], the
pharmacokinetically-guided lead optimization used in this publication may also be useful
for screening other compounds in early drug discovery projects.
*This chapter adapted with permission. Budha, N.R., et al., Pharmacokinetically-guided
lead optimization of nitrofuranylamide anti-tuberculosis agents. AAPS J, 2008. 10(1): p.
157-65 [235].
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Materials and Methods
Chemicals and Reagents

All tested nitrofuranylamides were synthesized in the laboratory of Dr. R.E. Lee
at the University of Tennessee Health Science Center, Memphis, TN, including Lee 562
(5-Nitro-furan-2-carboxylic acid [6-(4-benzyl-piperazin-1-yl)-pyridin-3-ylmethyl]amide), Lee 878 (1-benzyl-4-{4-[(5R)-3-(5-nitro-2-furyl)-4, 5-dihydroisoxazol-5-yl]
phenyl} piperazine), Lee 952: N-methyl-N-[4-(2-morpholin-4-ylethoxy) benzyl]-5-nitro2-furamide, and Lee 1106 (1-{4-[3-(5-nitro-2-furyl)-4, 5-dihydroisoxazol-5-yl] phenyl}4-[4-(trifluoromethoxy) phenoxy] piperidine) (Figure 2-1). Details on the synthesis of the
test compounds are described elsewhere [191, 192, 195]. Acetonitrile, HPLC grade water,
acetic acid and ammonium acetate were purchased from Fisher Scientific (Pittsburgh,
PA). Drug free rat plasma was purchased from Aleken Biologicals (Nash, TX).
Pharmacokinetic Studies in Rats

Catheterized male Sprague-Dawley rats (jugular vein alone for oral study and
jugular vein and femoral vein for intravenous study) from Harlan Bioscience
(Indianapolis, IN), weighing approximately 250 g, were kept on a 12 hr light/dark cycle
with food and water available ad libitum. Groups of rats (n = 4-5) received either an
intravenous (IV) or oral dose of a test compound at a dose level of 10 mg/kg or 100
mg/kg, respectively. For oral administrations, the animals were fasted overnight and until
4 hr after administration of test compound. Serial blood samples (~250 μL) were
collected predose and at predetermined time points postdose. Plasma was separated
immediately by centrifugation (3000g for 10 min at 4ºC) and stored at -80°C until
analysis. Feces and urine specimens were collected for Lee 562 and Lee 1106 for a
period of 24 hours after administration. The study protocol was approved by the
Institutional Animal Care and Use Committee of the University of Tennessee Health
Science Center.
Microsomal Incubations

Microsomal metabolic stability of the compounds was assessed in pooled rat liver
microsomal preparations (Cellzdirect, Austin, TX) by monitoring disappearance of the
parent compound over an incubation period of 90 minutes. The percentage of intact
parent compound in the samples was estimated by comparing analyte concentrations
before and after incubation using a liquid chromatography-tandem mass spectrometry
(LC-MS/MS) assay. Reactions were started by adding 25 μL of microsomal protein
solution (10 mg/mL) to 25 μL of test compound (50 μM) and 200 μL of NADPH
regenerating solution (1.3 mM NADP+, 3.3 mM glucose-6-phosphate, 3.3 mM MgCl2
and 1 unit/mL glucose-6-phosphate dehydrogenase in pH 7.4 phosphate buffer solution).
The mixture was incubated at 37°C and samples were taken at 0, 15, 30, 45, 60 and 90

39

O
O

N

NH

O 2N

N
N
Lee 562

O
O2N

O

N O

O
N

O2N

N

Lee 878

O

N

Lee 952

N
O2N

O

N
CH3

O

O

O

N

O

F

F
F

Lee 1106

Figure 2-1. Chemical Structures of Lee 562, Lee 878, Lee 952, and Lee 1106. The
boxes and circles depict important structural differences between the first generation
compound Lee 562, the second generation compounds Lee 878 and Lee 952, and the
third generation compound Lee 1106.
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minutes. The reaction was terminated by the addition of three volumes of ice-cold
acetonitrile containing an internal standard, Lee 563. Controls were treated in a similar
manner using heat-denatured microsomes. Samples were centrifuged at 3,000×g for 10
minutes at 4ºC and the supernatants were removed for analysis. An aliquot (10 µL) was
analyzed by LC-MS/MS.
Solubility and Lipophilicity

Aqueous solubility of the compounds was estimated at two different pH values
using a miniaturized shake-flask method [196]. Approximately 1 mg of the test
compound was shaken with 500 μL of either pH 6.0 or pH 7.4 buffer in a glass vial at
400 rpm and room temperature for 24 hours. The resulting mixture was centrifuged and
the concentration in the supernatant was determined by LC-MS/MS. The octanol-water
partition coefficient (clogP) of the compounds as measure of their lipophilicity was
calculated using ChemDraw Ultra version 7.0 (CambridgeSoft Corporation, Cambridge,
MA).
Protein Binding

Protein binding of the compounds was determined using equilibrium dialysis.
Biologically relevant concentrations of test compound were prepared (low and high) in
rat plasma. 200 μL of the plasma sample was placed in the central chamber and 350 μL
of blank isotonic phosphate buffer, pH 7.4 in the peripheral chamber of a dialysis device
(MW cutoff 6000-8000, RED® device, Pierce Biotechnology Inc, Rockford, IL). The
chambers were covered with a seal and incubated at 37ºC for 4-6 hours at a rocking speed
of 100 rpm. At the end of incubation, the volumes of plasma and recipient buffer were
measured to identify and account for volume shift, if any. Aliquots of plasma and buffer
were used to determine the drug concentration using an LC-MS/MS assay. The free
fraction of the drug was calculated as ratio of the concentrations in the buffer and in
plasma.
Plasma Concentration Measurements by LC-MS/MS

A calibration curve ranging from 1-500 µg/L was constructed for each test
compound by spiking the test compound into 50 µL of blank rat plasma. A structural
analogue of the test compounds, Lee 563 (ethyl 4-(5-{[(5-nitro-2-furoyl) amino] methyl}
pyridin-2-yl) piperazine-1-carboxylate), was added as internal standard to all calibration
standards and all plasma specimens. Plasma proteins were precipitated by the addition of
three volumes of acetonitrile. The samples were centrifuged at 3000×g for 10 minutes at
4ºC and the supernatants were removed for analysis. Chromatographic separations were
carried out using a Shimadzu liquid chromatograph (Shimadzu Corporation, USA)
consisting of two pumps, online degasser, system controller and a CTC Leap auto
sampler (Leap Technologies, Carrboro, NC). A gradient of acetonitrile and 10 mM
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ammonium acetate was used at a flow rate of 0.3 mL/min. A Phenomenex® Luna, 3μ
C18 (2), 50 x 2 mm column (Phenomenex, Torrance, CA) protected with a guard column
was used for the separation. 10 μL of sample was injected onto the column and the eluate
was led directly into an API 3000 triple-quadrupole mass spectrometer (Applied
Biosystems ABI/MDS-Sciex, Foster City, CA) equipped with an electrospray ion source.
The quadrupoles were operated in the positive ion mode. The resulting multiple reaction
monitoring chromatograms were used for quantification using Analyst software version
1.4.1 (Applied Biosystems ABI/MDS-Sciex, Foster City, CA).
Pharmacokinetic Data Analysis

Plasma concentration-time data were analyzed by non-compartmental analysis
using WinNonlin 5.0.1 (Pharsight Corporation, Mountain View, CA). The area under the
plasma concentration-time curve from time 0 to infinity (AUCinf) was calculated by the
trapezoidal rule with extrapolation to time infinity. The terminal half-life (t1/2) was
calculated as 0.693/λz, where λz is the terminal phase rate constant. The plasma clearance
(CL) was calculated using the equation CL=Doseiv/AUCinf, iv, where Doseiv and AUCinf, iv
are the IV dose and corresponding area under the plasma concentration-time curve from
time 0 to infinity, respectively. Volume of distribution based on terminal phase (Vz) was
calculated using Vz=Doseiv/(λz*AUCinf, iv). The peak plasma concentration (Cmax) and the
time when it occurred (tmax) in the oral dose group were obtained by visual inspection of
the plasma concentration-time curves. Clearance after oral dose (CL/F) was calculated as
Doseoral/AUCinf, oral. Volume of distribution after oral dose (Vz/F) was calculated as
Doseoral/(λz*AUCinf, oral). Oral bioavailability (F) was calculated using F = (AUCinf, oral*
Doseiv)/(AUCinf, iv *Doseoral), where Doseoral, Doseiv, AUCinf, iv, and AUCinf, oral are the
oral and IV dose and the corresponding areas under the plasma concentration-time curves
from time 0 to infinity, respectively.
Results
Pharmacokinetics of Lee 562

The first evaluated lead compound was Lee 562 (Figure 2-1). The plasma
concentration-time profiles of Lee 562 after single IV and oral administration are shown
in panels A and B of Figure 2-2, the derived pharmacokinetic parameters in Table 2-1.
Lee 562 appeared rapidly in plasma after oral administration with peak plasma levels
(Cmax) observed in less than 15 min after administration. There was a rapid decline in the
plasma levels followed by a smaller second peak about 6 hr after the dose administration.
The second peak in the profile after oral administration indicates the possibility of
enterohepatic recirculation of the compound or erratic absorption. The compound was
distributed extensively in the body with a volume of distribution of 28.9 L/kg. A high
clearance of 12.9 L/hr/kg indicates rapid elimination. The amount of compound excreted
unchanged into urine or feces was less than 0.1% of the dose by both routes of
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Figure 2-2. Measured Plasma Concentration-Time Profiles (Mean ± SD) after
Intravenous (10 mg/kg, Panel A) or Oral (100 mg/kg, Panel B) Administration of Lee 562
to Rats (n = 5-6 per group).
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Table 2-1.

Pharmacokinetic Parameters (Mean ± SD) of Lee 562, Lee 878, Lee 952, and Lee 1106.
Clearance
(L/hr/kg)

Urine

Feces

956 ± 442
19091 ± 1724
1846 ± 82.2
22423 ± 4096

Volume of
Distribution
(L/kg)
28.9 ± 29.4
2.00 ± 0.36
58.0 ± 20.1
6.72 ± 1.10

12.9 ± 7.6
0.527 ± 0.05
5.42 ± 0.24
0.456 ± 0.07

0.001 ± 0.0003
ND
ND
0.035 ± 0.01

0.001 ± 0.001
ND
ND
0.14 ± 0.06

1519 ± 458
52324 ± 14834a
2936 ± 1119
10230 ± 9101

386 ± 187
ND
192 ± 127
231 ± 174

71.6 ± 23.2
2.07 ± 0.71b
37.7 ± 12.5
16.0 ± 10.3

0.009 ± 0.02
ND
ND
0.025 ± 0.02

0.023 ± 0.02
ND
ND
11.8 ± 7.09

Route

Compound

t½
(hr)

AUCinf
(µg hr/L)

IV

Lee 562
Lee 878
Lee 952
Lee 1106

1.30 ± 0.89
2.63 ± 0.35
7.34 ± 2.27
10.3 ± 1.41

Oral

Lee 562
Lee 878
Lee 952
Lee 1106

3.69 ± 0.86
ND
3.39 ± 1.16c
9.24 ± 1.71

ND: Not determined.
a: AUC0-48hr.
b: AUC0-48hr was used for calculation of clearance and oral bioavailability.
c: Not reliable. Determined to limited log-linear phase.
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% Dose Excreted

Bioavailability
(%)

15.9 ± 4.8
27.4 ± 7.8b
15.9 ± 6.1
4.6 ± 4.1

administration suggesting that the high clearance is the result of extensive metabolism.
The high clearance resulted in a short terminal half-life of 1.3 hr after IV and 3.7 hr after
oral administration, and an oral bioavailability of only 15.9%. To investigate the extent of
metabolism, Lee 562 was incubated in rat liver microsomal preparations. The microsomal
metabolism of Lee 562 was rapid and extensive, with nearly complete loss (>99.5%) of
the parent compound within 90 minutes of incubation.
Microsomal Metabolic Stability of Second Generation Compounds Lee 878 and Lee
952

Metabolic stability of a compound is investigated to determine metabolic half-life
and intrinsic clearance which can be major determinants for in vivo drug efficacy, and to
aid in structural optimization of lead compounds in drug discovery settings [197].
Analysis of the structure of Lee 562 led us to attribute its metabolic instability in part to
the amide bond of the compound. Thus, two follow-up second generation compounds,
Lee 878 and Lee 952, were tested that included structural modifications to improve
metabolic stability. For Lee 878, the amide bond was replaced by an isoxazole ring; for
Lee 952, the amide hydrogen was substituted with a methyl group (Figure 2-1). The
microsomal metabolism of Lee 952 was rapid and extensive, with >95% loss of the
parent compound after 90 minutes of incubation (4.3% remaining). The metabolic halflife appears to be less than 15 minutes. The desired cutoff for metabolic stability in most
preclinical programs is more than 30% of parent remaining stable after 90 minutes of
incubation [198]. In contrast, Lee 878 exhibited acceptable metabolic stability under this
criterion with 31.4% of the parent compound remaining stable at the end of incubation.
Pharmacokinetics of Second Generation Compounds Lee 878 and Lee 952

The plasma concentration-time profiles and pharmacokinetic parameters of Lee
878 and Lee 952 after single IV and oral administration to rats are shown in panels A and
B of Figures 2-3 and 2-4 and Table 2-1, respectively. Oral absorption of Lee 878 was
slow with peak plasma concentration (Cmax) occurring about 6 hours after administration.
In contrast, oral absorption of Lee 952 was rapid with peaks observed within 15 minutes
of administration. Lee 952 distributed more extensively in the body than Lee 878 with a
distribution volume of 58 L/kg compared to 2.0 L/kg. As expected from the microsomal
metabolic stability studies, the mean plasma clearance was much larger for Lee 952 with
5.4 L/hr/kg compared to 0.53 L/hr/kg for Lee 878. Consequently, oral bioavailability of
Lee 878 was found to be 27.4%, while Lee 952 exhibited poor oral bioavailability with
only 15.9%. Since the terminal elimination phase was not captured after oral
administration of Lee 878, AUC0-48 hr was used to determine oral bioavailability. Despite
its substantially lower clearance, Lee 878 exhibited a much shorter terminal half-life of
2.6 hr after IV administration compared to Lee 952 with 7.3 hr. This can be explained
with Lee 878’s substantially smaller distribution volume compared to Lee 952, which
indicates less drug distribution to peripheral tissues and thus easier access of drug
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Figure 2-3. Measured Plasma Concentration-Time Profiles (Mean ± SD) after
Intravenous (10 mg/kg, Panel A) or Oral (100 mg/kg, Panel B) Administration of Lee 878
to Rats (n = 5-6 per group).

46

A)
10000

Conc. (ug/L)

1000
100
10
1
0

5

10

15

20

25

30

20

25

30

Time (hr)

B)

Conc. (ug/L)

1000

100

10

1
0

5

10

15
Time (hr)

Figure 2-4. Measured Plasma Concentration-Time Profiles (Mean ± SD) after
Intravenous (10 mg/kg, Panel A) or Oral (100 mg/kg, Panel B) Administration of Lee 952
to Rats (n = 5-6 per group).
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compound to elimination processes.
Metabolic Stability of Third Generation Compounds

Since the microsomal metabolic stability was found to be correlated with the oral
bioavailability of Lee 562, Lee 878 and Lee 952, a new set of nine compounds within the
nitrofuranylamide series was screened for metabolic stability. Chemical structures of the
compounds and microsomal metabolic stability data are shown in Figure 2-5. Lee 1106
exhibited superior metabolic stability with more than 70% of the parent compound
remaining stable after 90 minutes of incubation. Thus, Lee 1106 was selected for further
pharmacokinetic evaluation in rats. The structural modifications of Lee 562 that lead to
the other three compounds, Lee 878, Lee 952 and Lee 1106, are shown in Figure 2-1.
Pharmacokinetics of the Third Generation Compound Lee 1106

The plasma concentration-time profiles of Lee 1106 after single IV and oral
administration are shown in panels A and B of Figure 2-6, the corresponding
pharmacokinetic parameters in Table 2-1. Absorption of Lee 1106 was slow, with peak
plasma concentration (Cmax) observed 9 hr after administration. Oral bioavailability of the
compound was 4.6%. Lee 1106 showed a distribution volume of 6.7 L/kg. As expected
from the metabolic stability data, the plasma clearance of the compound was low, 0.46
L/hr/kg. The unchanged compound excreted in urine was less than 1% of the dose by
both routes of administration, whereas about 0.1% and 12% of the dose was excreted
unchanged in feces after IV and oral administration, respectively. The low plasma
clearance of Lee 1106 resulted in a longer terminal half-life than observed in the other
tested nitrofuranylamides, 10.3 hr after the IV and 9.24 hr after the oral administration.
Solubility Screening

Aqueous solubility is one of the most important properties for a compound
intended to be developed as an orally active molecule. The solubility of the investigated
compounds is presented in the Table 2-2. A compound is conventionally classified as
highly soluble when the largest dose of the compound is soluble in less than 250 mL
water over a pH range from 1.0 to 7.5 [46]. Though there is no strict cutoff value for
solubility available, solubility above 50 µg/mL is arbitrarily considered acceptable for
compound progression in most preclinical development programs [12]. It is assumed that
this level of solubility would never pose a problem in limiting bioavailability. Lee 562,
Lee 878 and Lee 1106 did not pass this solubility requirement, but the solubility for Lee
952 clearly exceeds the cutoff value. Predicted octanol-water partition coefficient, clogP
values for Lee 562, Lee 878, Lee 952 and Lee 1106 are shown in Table 2-2. A graph
showing the relationship between the clogP and the aqueous solubility of all the tested
compounds is presented in the panel A of Figure 2-7.
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Figure 2-6. Measured Plasma Concentration-Time Profiles (Mean ± SD) after
Intravenous (10 mg/kg, Panel A) or Oral (100 mg/kg, Panel B) Administration of Lee
1106 to Rats (n = 5-6 per Group).
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Table 2-2.
Aqueous Solubility and Plasma Protein Binding of Lee 562, Lee 878, Lee
952, and Lee 1106.

pH 6.0

pH 7.4

2.41

18.5

4.43

%
Protein
Binding
96.43

0.00005

4.29

3.34

0.24

99.92

0.09

1.91

1975

759

44.53

6.41

a

2.67

99.99

Compound

Molecular
Weight

MIC90*
(µg/mL)

clogP

Lee 562

421.4

0.0062

Lee 878

432.5

Lee 952

389.4

Lee 1106

517.5

0.025

Solubility (mg/L)

BLQ

* MIC90: Minimum inhibitory concentration to inhibit the growth of 90% of organisms
determined against M. tuberculosis H37Rv using microbroth dilution in Middlebrook
7H9.
a: BLQ: Below the limit of quantification.

51

A)

Aqueous Solubility (mg/L)

10000
1000

2

R = 0.5728

100
10
1
0.1
0.01
0.001
0

1

2

3

4

5

6

7

clogP

B)
120

% Protein Binding

100
80
60
40
20
0
0

1

2

3

4

5

6

7

clogP

Figure 2-7. Relationship between Aqueous Solubility, Plasma Protein Binding and
clogP in the Investigated Nitrofuranylamides. Panel A shows correlation between
aqueous solubility and clogP and panel B shows correlation between plasma protein
binding and clogP. The plasma protein binding of the compounds Lee 992 and Lee 1053
could not be determined due to instability in plasma.
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Plasma Protein Binding

The compounds Lee 562, Lee 878 and Lee 1106 are extensively bound to plasma
proteins with 96.4%, 99.9% and >99.9% binding, respectively (Table 2-2). In contrast,
Lee 952 was only 44.5% bound to plasma proteins. A graph showing relationship
between clogP and the protein binding of all the tested compounds is presented in the
panel B of Figure 2-7.
Discussion

The first tested lead compound, Lee 562, exhibited a high systemic clearance,
short terminal half-life, and low oral bioavailability of 15.9%. These observations were
further supported by the poor metabolic stability of Lee 562, which was attributed to its
amide linkage and the benzyl piperazine side chain in the structure. Thus, two second
generation follow-up compounds were tested that included structural modifications for
increased metabolic stability. For Lee 878, the amide bond was replaced by an isoxazole
ring; for Lee 952, the amide hydrogen was substituted with a methyl group and the
benzyl piperazine was replaced with a solubilizing morpholino group. Both compounds
showed improved metabolic stability in the rat microsome assay compared to Lee 562,
with Lee 878 being much more stable than Lee 952. As expected, this in vitro
observation translated into an increased in vivo stability (lower clearance) of Lee 878
compared to Lee 562 and Lee 952, with a 20- and 10-fold higher systemic exposure,
respectively. As a consequence, oral bioavailability of Lee 878 reached ~27% compared
to 16% for Lee 952 and Lee 562.
The low oral bioavailability of Lee 562 and Lee 952 was predictable, considering
that the mean plasma clearance after IV administration was 12.9 L/hr/kg and 5.4 L/hr/kg
respectively. Based on their extensive metabolism, their plasma clearance and a typical
hepatic blood flow of 3.3 L/hr/kg in rats [199], the theoretical hepatic extraction ratio
(ER) for these compounds could be estimated as 3.9 and 1.6 for Lee 562 and Lee 952,
respectively. As the maximum physiologically possible hepatic ER is 1, i.e., complete
removal and/or metabolic conversion of all drug presented to the liver, the calculated ERs
for Lee 562 and Lee 952 exceeding 1 suggest the presence of extrahepatic metabolism
and/or sequestration of drug into blood cells. Upon incubation with heparinized human
whole blood, Lee 562 showed slow distribution into red blood cells with a partitioning
coefficient of 2.1 (results not shown). Overall, the low oral bioavailability of these
compounds could be attributed to high first-pass metabolism. For Lee 562, poor aqueous
solubility apart from the first-pass inactivation could also be a contributing factor to its
low oral bioavailability.
Similarly, assuming that clearance of Lee 878 is only hepatic, the hepatic ER for
Lee 878 could be estimated as 0.16. Considering first-pass inactivation alone, this would
suggest that the maximum oral bioavailability for Lee 878 could theoretically reach 84%
([1-ER]*100) as opposed to the observed bioavailability of 27.4%. Possible reasons for
this difference in bioavailability could be poor aqueous solubility, transporter-mediated
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efflux in the gastrointestinal membrane, and/or degradation/metabolism in the
gastrointestinal tract.
The elimination half-life of Lee 878 was only 2.6 hr, mainly due to the
surprisingly small volume of distribution of this compound. Considering the high clogP
of 4.3 for Lee 878 and the corresponding low aqueous solubility, the limited volume of
distribution of Lee 878 is most likely explained by its excessive binding (99.92%) to
plasma proteins. A high plasma protein binding reduces the free, pharmacologically
active concentrations of a drug and limits its tissue distribution. This might be the major
reason why Lee 878 was found to have low in vivo efficacy in a mouse model of M.tb
infection despite favorable systemic exposure, high metabolic stability and high in vitro
activity [192].
Since the microsomal metabolic stability was found to be correlated with the oral
bioavailability of the first and second generation compounds we tested, a new set of nine
third generation compounds belonging to the same series were screened for microsomal
metabolic stability to guide selection of a stable compound for pharmacokinetic
evaluation.
As Lee 1106 exhibited superior metabolic stability, its pharmacokinetic properties
were evaluated in vivo. The compound exhibited favorable pharmacokinetic properties
such as a low systemic clearance and a long terminal half-life. However, oral
bioavailability of Lee 1106 is poor despite a mean plasma clearance after IV
administration of only 0.46 L/hr/kg. Assuming that all clearance for Lee 1106 is mediated
by the liver, the hepatic ER for Lee 1106 would be calculated as 0.14 and the maximum
oral bioavailability based on first-pass inactivation alone would be 86%. However, Lee
1106 exhibited a very low oral bioavailability of 4.6%. Poor aqueous solubility of the
compound could explain to some extent the observed low oral bioavailability of the
compound, which might be overcome by optimizing the dosage form using solubilizing
excipients [200]. Further, possible degradation/metabolism and/or transporter-mediated
efflux of the compound in the gastrointestinal tract could also contribute to this
observation. In addition, poor aqueous solubility, high plasma protein binding and high
clogP of Lee 1106 suggest hydrophobicity of the molecule. Lee 1106 has a molecular
weight exceeding 500 Da (517.5 Da) and a clogP exceeding 5 (6.41), thereby clearly
deviating from the Lipinski’s rule of five, a scoring function used to predict orally active
molecules [47].
A closer look at the structures of the compounds suggests that Lee 878 and Lee
1106 have a larger number of aromatic rings imparting more hydrophobicity to the
molecule which in turn decreases their aqueous solubility. Lee 952 has fewer aromatic
rings in its structure and exhibits high aqueous solubility. As shown in the panel A of
Figure 2-7, aqueous solubility in our set of compounds was inversely correlated with
clogP as measure of hydrophobicity (p = 0.004, Pearson correlation coefficient: -0.76).
Similarly, protein binding was consistently above 96% with higher clogP values in all the
tested compounds (Figure 2-7, panel B).
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Based on these observations, aqueous solubility and metabolic stability are the
most important determinants of oral bioavailability of the nitrofuranylamide compounds.
Thus, an early evaluation of aqueous solubility, and protein binding coupled with
metabolic stability could be useful for predicting the oral bioavailability of novel
nitrofuranylamide compounds. Accordingly, a screening paradigm was proposed for lead
optimization of compounds of the nitrofuranylamide class (Figure 2-8). As a first step in
this process, compounds will be designed for synthesis using in silico approaches such as
quantitative structure activity relationships (QSAR) to predict antimicrobial efficacy. In
the next step, a variety of in silico predictions (quantitative structure-property
relationships) such as aqueous solubility, metabolic stability, protein binding and clogP
will be used for rank-ordering the compounds for synthesis. The most promising
compounds will then be synthesized and tested for in vitro activity against M.tb. Potent
compounds resulting from the in vitro activity screen will be studied for aqueous
solubility and in vitro pharmacokinetic properties such as metabolic stability and protein
binding. The compounds with higher stability, higher aqueous solubility and lower
protein binding will be selected for pharmacokinetic and bioavailability evaluation in
rats. The compounds that exhibit high oral bioavailability and long elimination half-life
in rats will be progressed into more expensive and time-consuming in vivo evaluations of
activity in animal models such as mouse models of M.tb infection. The information
obtained at each step will be used for updating the design of compounds for synthesis and
the filtering used at each step will allow concentrating development resources on a
smaller number of more promising compounds which makes the lead optimization
process more efficient.
Conclusion

In summary, we determined the pharmacokinetic properties of key compounds in
the nitrofuranylamide series and developed a screening paradigm that could be useful for
the further optimization of leads in the group of anti-infectives against M.tb. This
paradigm may also be useful for lead optimization of other series of anti-infectives.
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Figure 2-8.

Screening Paradigm for Lead Optimization of Anti-TB Compounds.
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CHAPTER 3. AN IN VITRO PK/PD MODEL TO DETERMINE TIME-KILL
CURVES OF ANTIBIOTICS AGAINST SLOW-GROWING
MICROORGANISMS
Introduction

In spite of the fact that bacteria are exposed to dynamically changing drug
concentrations in vivo, antibiotics are frequently dosed based on point estimates of
efficacy derived from exposure to constant concentrations. Until last decade, it was a
common practice to select antimicrobial dosing regimens above the minimum inhibitory
concentration (MIC) of the pathogen being treated. This approach, however, has several
disadvantages as it does not accurately reflect the complex interaction among the three
major players, the drug, the microorganism and the host. Constant (static) drug levels
used in MIC determinations hardly reflect the actual in vivo situation where the
pharmacodynamic effect is the result of dynamic exposure of the organism to the
unbound drug fraction in the target tissue. Furthermore, the MIC provides only limited
information on the kinetics of bactericidal activity as it is used as a threshold value for the
activity of the antibiotic. In reality, however, antimicrobials usually have already some
activity at concentrations below the MIC and may not have the maximum activity just
above the MIC. Thus, complete time courses of the drug effect in response to
concentration-time courses encountered in vivo seem to be more adequate and
informative for selecting optimal dosing strategies than the use of point estimates such as
MIC [201].
In recent years, integrated pharmacokinetic/pharmacodynamic (PK/PD)
approaches have been developed as a more sophisticated methodology to assess the
efficacy of antimicrobials based on dynamic kill curves. These PK/PD-based approaches
are being used to help in the selection of potential drug candidates and to provide a
scientific rationale for selecting dosing regimens that increase the efficacy and reduce the
probability of emergence of drug resistance [176]. The US Food and Drug
Administration and the European Medicines Evaluation Agency have been advocating
the use of various in vitro and in vivo models to characterize the PK/PD properties of
antibiotics and to predict the efficacy of candidate compounds in the early stages of the
drug development process [202, 203].
In vitro PK/PD models can be used to study the antibacterial effect of single and
combination drug compounds and dosing regimens before in vivo efficacy studies [204].
The advantage of these models is that the appropriate human/animal pharmacokinetic
profiles can easily be simulated and the effect of these changing drug concentrations on
bacterial growth (i.e., via kill curves) and emergence of resistance can be assessed.
Different species of microorganisms and clinical isolates of the same bacteria that vary in
sensitivity to drug treatment can be exposed to different dosing regimens, such that the
PD parameters can be identified that best explain the activity/efficacy of the drug and
allow the optimization of dosage regimens for maximum efficacy. Since the influence of
the immune system is absent in these in vitro models, the drug-bacterium interactions can
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be measured more precisely. Thus, in vitro models offer a safer and more ethical way of
assessing the PK/PD relationships of antibiotics compared to animal or human studies
[201, 205-207].
Several in vitro PK/PD models for antibiotics have been reported in the literature
and can be broadly classified as either dilution models or diffusion models based on the
mechanism by which the dynamic concentration-time profiles are simulated [204, 208].
However, most of the available in vitro models have been applied for fast growing
bacteria and are not suitable for studies on slow growing microorganisms such as
Mycobacterium tuberculosis. The previously reported dilution models without a filter
membrane [209-211] are not suitable for slow growing organisms since the bacteria are
washed out during the dilution process and the bacterial replication rate is not sufficient
to offset this loss. The reported dilution models with filter membrane have so far not been
utilized for slow growing organisms in the published literature. More recently, several
reports have been published using hollow fiber bioreactors (diffusion models) as in vitro
models for testing antibacterial activity against M. tuberculosis [212-215]. However,
there are severe limitations associated with the use of hollow fiber bioreactors for in vitro
culturing of bacteria. As these bioreactors are complex and difficult to sterilize between
experiments, new hollow fiber cartridges are recommended for every study which makes
a broad-based application of these experiments cost-prohibitive. Further, nonspecific
drug binding to the hollow fiber capillaries, especially of the highly lipophilic compounds
frequently tested for anti-mycobacterial activity, can produce erroneous results. In view
of these limitations of the existing in vitro models, we decided to develop a novel in vitro
PK/PD model for studying the pharmacologic properties of antibiotics against slowgrowing microorganisms that is simple, inexpensive and easy to construct and operate. In
the following, we illustrate the application of this model to determine time-kill curves of
slow growing microorganisms by characterizing the effect of isoniazid (INH) dosing
regimens on Mycobacterium bovis Bacillus Calmette-Guerin (BCG).
Materials and Methods
In vitro PK/PD Model Design

The in vitro PK/PD model system consisted of a two-armed, water jacketed
spinner culture flask (1965 series spinner flask, Bellco Glass, Vineland, NJ) as depicted
in Figure 3-1. A 25 mm diameter filter unit (Pall Corporation, East Hills, NY) was fixed
to one end of a custom made hollow steel tube. The other end of the steel tube was
connected to plastic tubing (PharMed tubing, Cole-Parmer, Vernon Hills, IL). A prefilter
(5μm, Millipore, Billerica, MA) and filter membrane (0.22μm, Millipore, Billerica, MA)
were placed in the filter unit to prevent leakage of bacteria during the dilution process.
The whole filter unit was suspended into the media from the top. The flask was placed on
a magnetic stirrer; a magnetic stir bar in the flask ensured homogeneity of the culture and
prevented membrane pore blockage. One of the side arms covered with silicone septa was
used for repeated sampling. The other sidearm was connected to a reservoir containing
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A. Outlet for media
B. Inlet for fresh media
C. Sampling and dosing
port
D. Hollow steel tube
E. Filter unit holding
0.22 µm and 5 µm
filters
F. Magnetic stir bar
G. Water jacket

Figure 3-1.

Schematic Diagram of In vitro PK/PD Model.
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antibiotic free sterile medium through a thin plastic tube (PharMed tubing, Cole-Parmer,
Vernon Hills, IL). The outlet tubing from the filter unit was connected to a peristaltic
pump (Masterflex L/S, Cole-Parmer, Vernon Hills, IL) to continuously withdraw the
medium from the flask at a constant rate. Fresh sterile medium (Middlebrook 7H9,
Becton Dickinson, Sparks, MD) was pumped into the flask at the same rate. The solution
of the antibiotic INH was added through the sidearm. INH concentration in the flask was
decreased exponentially according to the equation,

C = C0 ⋅ e − k ⋅t
where C0 is the initial concentration of INH in the flask, C is the concentration at any
time t, k is the elimination rate constant and t is the time elapsed since the addition of
INH. The elimination rate constant k is equal to F/V, where F is the flow rate of the
medium and V is the volume of the medium in the flask. Different half-lives (t1/2) of INH
were simulated in the model by changing the flow rate according to the equation,

F =V ⋅

ln 2
t1/ 2

The temperature in the flask was maintained at 37oC by attaching a thermostatic
water circulator to the water jacket of the flask. The apparatus was sterilized by
autoclaving between experiments and was kept in a biological safety cabinet during
operation. Working picture of the in vitro model was shown in Figure 3-2.
Culture, Media, and Antibiotics

Mycobacterium bovis BCG was grown in Middlebrook 7H9 broth (Becton
Dickinson, Sparks, MD) supplemented with 10% albumin dextrose complex and 0.1%
v/v Tween 80. The cultures were stored at -80°C in Middlebrook 7H9 broth. For each
experiment, cultures were thawed and incubated at 37°C in Middlebrook 7H9 broth for 4
days.
The antibiotic isoniazid (INH) was obtained from Sigma-Aldrich (St. Louis, MO).
A stock solution of antibiotic was prepared in DMSO and stored at -80°C. Working
solutions of INH were prepared from the stock solution using sterile water.
Minimum Inhibitory Concentration of Isoniazid

The MIC of INH was determined using the microbroth dilution method according
to the CLSI guidelines [73] and was read by visual inspection. Two fold serial dilutions
of INH in 100 µL of the Middlebrook 7H9 broth medium were prepared in roundbottomed 96 well microtiter plates (Nunc, Sigma-Aldrich, St. Louis, MO). An equivalent
volume (100 µL) of broth containing ~105 CFU/mL bacteria was added to each well to
give final concentrations of INH starting at 200 mg/L and the plates were incubated
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Figure 3-2.

A Picture Showing Two Working Units of In vitro PK/PD Model.

aerobically at 37°C for 7 days. The MIC was recorded as the lowest concentration of drug
that prevented visible growth.
Time-Kill Curves of INH

The test organism M. bovis BCG was used to evaluate the in vitro model. M. bovis
BCG was grown to the early logarithmic growth phase in Middlebrook7H9 medium. The
logarithmically growing culture was then used to inoculate the in vitro model. The final
density of the culture in the in vitro system was ~106 CFU/mL. The medium was drawn
from the flask via the combination of a 5 µm and a 0.22 µm filter at a predetermined flow
rate that mimicked the in vivo elimination half-life of INH. Fresh sterile medium was
pumped into the flask at the same rate through one side arm to keep the volume of the
medium at the initial level. The addition of INH doses was started after the culture had
reached the logarithmic growth phase which was determined by the optical density of the
culture. INH doses were added daily for 7 days to simulate INH plasma concentrationtime profiles in humans treated with 25, 100 and 300 mg/day (Table 3-1). Since INH is
metabolized by a polymorphically expressed enzyme, NAT2 (N-acetyl transferase 2), this
difference in INH metabolizing activity results in a bimodal distribution of elimination
half-lives with fast and slow acetylators. Thus, elimination half-lives of either 4.5 or 2.0
hr were simulated in the model to mimic slow and fast acetylators, respectively.
Approximately 200 μL of the medium was collected at time zero and every day thereafter
until the end of the experiment. The number of viable bacteria in each sample was
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Table 3-1.

Experimental Plan with Initial Concentrations of Isoniazid.

Dose Group

Elimination
Half-life

INH
Dose/day

Number
of Doses

Control

hr
-

mg
25
100
300
25
100
300

7
7
7
7
7
7

Slow
Acetylators

4.5

Fast
Acetylators

2.0

Initial
Concentration
(C0)
mg/L
0.3
1.21
3.64
0.3
1.21
3.64

determined by plating serial dilutions of the samples on antibiotic-free Middlebrook
7H11 agar plates. The plates were incubated for 3-4 weeks at 37°C. The antibacterial
activity was measured as the reduction in number of viable bacteria, expressed as
CFU/mL. Each experiment was performed in duplicate for each dose level and
elimination half-life. No-drug controls were included in the study for comparison to
assess the extent of killing by INH. Time-kill curves were constructed based on the time
course of CFU/mL measurements.
Time-Kill Curve Data Analysis

The relationship between INH exposure and microbial kill was modeled by using
a previously described time-kill curve equation [185],
dN ⎡ ⎛
N ⎞
⎛ I ⋅ C ⎞⎤
⎟⎟ − 1 − e −α ⋅t × ⎜ max
= ⎢k 0 ⋅ ⎜⎜1 −
⎟⎥ ⋅ N
dt ⎣ ⎝ N max ⎠
⎝ IC50 + C ⎠⎦

(

)

Eq. 3-1

where N is the M. bovis BCG cell count in CFU/mL, k0 is the bacterial net growth rate
constant, Nmax is the maximum number of bacteria in the system in CFU/mL, Imax is the
maximum kill rate, C is the concentration of INH at time t, and IC50 is the concentration
at half-maximal kill rate. The logistic growth function, 1-N/Nmax was used to describe the
limited growth of bacteria in the absence of antibacterial agents. The delay in bacterial
kill rate was modeled using the term 1-e-αt, where α is the delay rate constant. According
to the model, the delay rate constant α mathematically modulates Imax over time and
determines the duration of time needed for Imax to reach its value. The delay in bacterial
kill is likely due to the time necessary to achieve enough intracellular drug exposure to
initiate the killing process. The IC50 was modeled as adaptive constant which changes
with the exposure and the ratio of the initial cell count to the cell count at time t
according to equation,
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IC50 A = IC50 × e

⎛ Adaptation Constant× N 0
⎜
⎜
N ×AUC0 − 24
⎝

⎞
⎟∗t
⎟
⎠

Eq. 3-2

where IC50A is the adaptive IC50, N0 is the number of bacterial cells at time zero and
IC50 is the baseline IC50. The adaptive IC50 explains the change in IC50 due to an
increased drug insensitive cell population over the course of treatment, such as the
frequently observed latency for Mycobacterium species [212, 216-218]. All time-kill data
were analyzed simultaneously by nonlinear mixed effects modeling (NONMEM v.6.2,
Icon, Ellicott City, MD). PK parameters were fixed in the PK/PD model and set equal to
their selected values (V=55 mL, where V is volume of the medium in the system, halflife, t1/2 = 4.5 and 2.0 hr for slow and fast acetylators respectively). The first-order
conditional estimation method within NONMEM was used to analyze the generated timekill curves. The measured data and model predictions were log transformed and the
random residual variability was modeled using an additive error term. The between
experiment variability in the parameter α was modeled as exponential error. Model
performance was evaluated using goodness-of-fit plots, including observed vs. predicted,
weighted residuals vs. time and weighted residuals vs. predictions plots.
For identification of the most appropriate empirical PK/PD index associated with
the microbial kill of INH, cell counts on days 2, 3 and 4 were analyzed using an
inhibitory Emax model [213] expressed as,
⎛ E ⋅ PKPD ⎞
E = E control − ⎜ max
⎟
⎝ EC50 + PKPD ⎠
where, E is the observed M. bovis BCG cell counts in log10 CFU/mL, Econtrol is the BCG
cell count in the control experiment, and Emax is the maximal antimicrobial effect in log10
CFU/mL. EC50 is the value of the PK/PD index that produces half-maximal
antimicrobial effect and PKPD is one of the empirical PK/PD indices frequently used in
infectious disease pharmacotherapy, AUC0-24/MIC, T>MIC or Cmax/MIC. The PK/PD
index that best characterized the effect of of INH on M. bovis was selected based on
goodness-of-fit criteria (e.g., coefficient of determination values), residual analysis and
visual inspection.
Results

Mycobacterium bovis BCG was successfully cultured in our novel in vitro PK/PD
model for 10 days. The growth rate constant of M. bovis BCG in the absence any
antibacterial compound was found to be 0.0464 hr-1 and the corresponding doubling
time/generation time was calculated as 14.9 hours. This doubling time of M. bovis BCG
is similar to that observed in vitro and comparable to the published range (13-20 hours)
[219]. Administration of INH dosing regimens to logarithmically growing cultures of
BCG in the in vitro model resulted in reduced cell counts when compared to the control
experiment (Figure 3-3, panels A and B). The initial kill rate during the first two days of
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Figure 3-3. Plots Showing Measured (Mean ± SD) and Model Predicted (Lines) M.
bovis BCG CFU/mL over Time for the PK/PD Model. Panel A shows kill curves for slow
acetylators of isoniazid, panel B for fast acetylators. Symbols for dose groups: Control
experiment, ○; 25 mg/day, ■; 100 mg/day, ▲; and 300 mg/day, ●. Lines represent
individual predictions based on the PK/PD Model.
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therapy in slow acetylators was 0.32, 1.36, and 1.35 log10 (CFU/mL)/day for the 25, 100
and 300 mg/day dosing regimens, respectively. Similarly, the initial kill rate for the fast
acetylators was calculated as 0.09, 0.05 and 0.78 log10 (CFU/mL)/day for the 25, 100
and 300 mg/day dosing regimens respectively. The initial kill rate of INH, analogous to
in vivo early bactericidal activity (EBA) was concentration- and thus dose-dependent. As
concentrations in simulated slow acetylators were higher than in fast acetylators, the INH
mediated kill effect was also more pronounced in slow acetylators compared to fast
acetylators at each dose level (Figure 3-3, panels A and B). The bactericidal activity
appeared with a delay of approximately 24 hours in the fast acetylator dose groups
compared to the corresponding dose groups in slow acetylators (Figure 3-3, panels A and
B). The INH mediated killing of bacteria ceased after three days of therapy and re-growth
of bacteria appeared in both slow and fast acetylator dose groups (Figure 3-3, panels A
and B).
Different mathematical models were evaluated for describing the M. bovis BCG
time-kill data generated with the in vitro PK/PD model [183, 220-225]. An adaptive IC50
kill curve model was selected to describe the data. Graphical representations showing
observed and predicted BCG cell counts at all the tested dosing regimens in slow and fast
acetylators are displayed in the panels A and B of Figure 3-3. The corresponding
parameter estimates were listed in the Table 3-2. The maximum kill rate (Imax) was
calculated as 0.852 hr-1. The concentration of INH that produces the half-maximal kill
rate, IC50, was estimated as 0.244 mg/L. The adaptive IC50, IC50A, was correspondingly
ranging from 0.244 to 15.4 mg/L. For comparison, the MIC for INH determined with the
classic dilution approach was found to be 0.05 mg/L. The goodness-of-fit plots presented
in Figure 3-4 and Figure 3-5 indicate that the selected mathematical time-kill curve
model (Eq. 3-1) is able to describe the data well (Figures 3-4 and 3-5).
Examination of the relationship between empirical PK/PD indices and microbial
kill for day 3 of the treatment revealed that the PK/PD index AUC0-24/MIC was the most
explanatory of the INH mediated microbial kill (Figure 3-6). The relationships between
microbial kill and the other PK/PD indices, Cmax/MIC and T>MIC are also shown in
Table 3-2.
Parameter
k0
IC50
Adaptation
Constant
Imax
α

Parameter Estimates of Isoniazid PK/PD Model.
Units
hr-1
mg/L

Estimate (% CV)
0.0464 (61.6)
0.244 (271)

L/mg.hr

0.00224 (36.5)

hr-1
hr-1

0.852 (87.6)
0.088 (85)

Between Experiment Variability (%CV) in α

95.02 (64.2)
81.3 (27.1)

Residual Variability (%CV)
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Figure 3-4. Goodness-of-Fit Plots for the INH PK/PD Model - Observed versus
Predicted Values. Panel A shows observed vs. individual predicted values (log10
CFU/mL) and panel B shows observed vs. population predicted values (log10 CFU/mL).
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Figure 3-5. Goodness-of-Fit Plots for the INH PK/PD Model - Weighted Residuals.
Panel A shows weighted residuals vs. time (hr) and panel B shows weighted residuals vs.
population predicted values (log10 CFU/mL).
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Figure 3-6. Relationship between PK/PD Indices and Microbial Kill on Day 3 after Treatment. Panels A, B, and C show
AUC/MIC, T>MIC, and Cmax/MIC, respectively.
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Figure 3-6. Similar results were observed for day 2 and day 4 data (results not shown).
The parameter estimates from the empirical PK/PD analysis were given in Table 3-3.
Discussion

Identification of pharmacodynamic parameters has become an integral part of the
development process of novel antibiotics [176]. Characterization of pharmacodynamic
parameters in the early stages of development enables the design of optimal dosage
regimens for animal and human studies and allows for better predictions of the
success/failure of an antibiotic development program [206, 208]. In vitro PK/PD models
are used widely for the determination of pharmacodynamic parameters of antibiotics
[184, 220, 223, 224, 226-228] due to a variety of advantages. One of the advantages of in
vitro models is that human and animal pharmacokinetic profiles can easily be simulated.
In addition, the lack of immune system in these in vitro experiments allows for precise
characterization of bacteria-drug interactions. Further, the in vitro models are better
suited over animal models to test and identify the time- or concentration-dependant
killing nature of antibacterial drugs [201]. The novel in vitro PK/PD model described in
this manuscript belongs to the dilution model category with a filter membrane to prevent
bacterial dilution. It is easily constructed, inexpensive, prevents dilution of the bacteria
without membrane pore blockage and can be used for slow growing organisms as shown
with the time-kill analysis using M. bovis BCG. Compared to the previously reported
models of similar nature [204, 205], the model described in this paper has several
advantages: 1) It is a completely closed system and is safe to work with pathogenic
strains, 2) the model can be used to work with slow and fast growth rate organisms, 3) the
temperature in the flask can be controlled precisely with a water jacket and, 4)
assembling and disassembling of the components of the model is simple and straight
forward, allowing for easy study conduct and equipment sterilization.
Slow growth rate microorganisms such as M. bovis BCG pose many challenges
for in vitro culturing. Much longer periods, usually more than a week are required to
assess the efficacy of an antibacterial agent against these slow growing organisms when
compared to fast growing organisms. Consequently, integrity of the filter membrane is
crucial for allowing media exchange but preventing outflow of bacteria throughout the
duration of experiment. In addition, the in vitro PK/PD model should not hinder natural
growth of bacteria in the absence of antibacterial agents. The concordance between the
Table 3-3.

Empirical PK/PD Indices.

Parameter

Units

AUC0-24/MIC

T>MIC (%)

Cmax/MIC

Emax

log10 CFU/mL
variable dependent
on index

4.69

6.94

4.90

36.01

57.33

12.33

0.991

0.988

0.988

EC50
R2
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observed doubling time for M. bovis BCG and the literature reported values suggests that
the in vitro PK/PD model described in this report is not interfering with the normal
growth of M. bovis BCG.
INH is one of the first line agents used in the multi drug combination therapy for
TB that kills actively dividing bacteria. Early bactericidal activity (EBA) of the
combination drug therapy for TB is derived mainly from INH activity on the
logarithmically growing bacteria [229, 230]. EBA is defined as the rate of fall of colony
forming units (CFU/mL) in the sputum of patients during the first two days of drug
treatment and is expressed as log10 (CFU/mL)/day. PK/PD models based on in vitro
time-kill curves have been used to assess the efficacy of antimicrobial agents. However,
reports about the use of such models for anti-tuberculosis drugs are scarce. Only a few
recently reported in vitro models characterized dynamic time-kill curves of the antituberculosis agents INH, rifampicin and moxifloxacin [212-215]. From the results of the
time-kill experiments performed in this study, it can be seen that the kill rate of bacteria
is different at identical dosing regimens in the slow and fast acetylator groups of INH. An
initial delay in killing was observed at all the dosing regimens studied in the fast
acetylator groups in contrast to the slow acetylator dose groups (Figure 3-3, panels A and
B). In an in vitro study with 14C-labeled INH, it was shown that it takes more than 2 hours
for complete intracellular uptake of INH when incubated with M. bovis BCG [231]. Since
INH is eliminated with a half-life of 2 hours in fast acetylators the observed delay in
killing could be due to the rapid removal of drug from the medium in this group
compared to slow acetylators (half-life 4.5 hr). Similarly, the rapid removal of drug in the
fast acetylators is likely the reason for the observed differences in the initial kill rates of
bacteria among the identical dose groups in both slow and fast acetylators. The exposuredependant kill pattern for mycobacteria under INH therapy has been characterized in
previously reported in vitro and in vivo animal studies [167, 215]. The initial rapid kill
rate followed by a slow kill rate along with the re-growth of bacteria observed in our
study is remarkably similar to that observed in an in vitro study by Gumbo et al., using
M. tuberculosis H37Ra [215]. Similar results were found in several other in vitro drug
susceptibility assays. It was hypothesized that the development of transient resistance to
INH is responsible for the cessation of INH bactericidal activity [217, 232].
We used a semi-mechanistic PK/PD model to describe the rate of killing of
bacteria over time at different dosing regimens. The principle behind the analysis is that
the change in CFUs over time is governed by the difference in the rate of growth and the
rate of killing with INH stimulating the rate of microbial kill. The limiting growth of
bacteria in the absence of INH was described by a logistic function, 1-N/Nmax where, N is
the number of CFU/mL at time t and Nmax is the maximum number of bacteria (CFU/mL)
in the system which corrects for the limitations of space and nutrients that are inherent to
in vitro systems [185, 220, 225]. A correction factor (1-e-αt) was incorporated to describe
the delay in kill effect after the addition of INH in the fast acetylator dose groups [185].
Since the numbers of INH insensitive populations of bacteria due to latency or resistance
increased over the course of treatment, the selected PK/PD model needed to be able to
describe the re-growth of bacteria. Various approaches have been reported for modeling
drug resistance and/or growth of drug insensitive populations of bacteria [183, 213, 220-
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225]. Here, we used an adaptive IC50 model to describe the increase in apparent IC50
due to growth of drug insensitive populations of bacteria. The increase in IC50 was
inversely related to the INH exposure and the ratio of cell counts to the initial cell
numbers (Eq. 3-2). This means that low exposure to INH results in increased
development of insensitivity which is manifested as an increase in apparent IC50. This
model was able to describe the observed re-growth of bacteria after several days of drug
exposure. The IC50 was estimated as 0.244 mg/L and could increase over the course of
treatment up to 15.4 mg/L. The stationary concentration of INH which is defined as the
concentration at which the rate of bacterial killing equals growth was calculated using
IC50 of INH as described by Mouton et al.[233]. The calculated stationary concentration
(0.014 mg/L) was much lower than the MIC (0.05 mg/L), a commonly observed
phenomenon for the concentration/exposure dependent killing by antibiotics [233].
In the current study, INH exhibited exposure-dependent antibacterial activity on
M. bovis BCG. The empirical PK/PD index AUC0-24/MIC was found to be well
associated with the microbial kill. In contrast, the other tested indices, Cmax/MIC and
T>MIC, were not correlated well with microbial kill. Not surprisingly, the finding that
the INH kill rate is exposure-dependant is in agreement with previously published in vitro
and in vivo studies [167, 212, 215]. However, the parameter estimate (AUC0-24/MIC)
from a previous study, 61.6 is different from that of the current study, 36.0. The
difference is likely due to the difference in the test organisms’ susceptibility to INH (M.
tuberculosis H37Ra vs. M. bovis BCG).
The novel in vitro PK/PD model and associated PK/PD modeling approach
described here can be used as a tool to evaluate and predict the bactericidal activities of
novel anti-tuberculosis compounds. The underlying principle is to describe the whole
time course of the events seen in the bacterial system when exposed to antibiotics. Such
models, when combined with other information such as toxicology data, can be used to
design improved dosing regimens of antibiotics beyond the empirical approaches.
Simulations based on the mechanistically based time-kill models allow for evaluation and
comparison of previously tested and hypothetical, untested dosing strategies.
The in vitro time-kill curve approach described for anti-mycobacterial drug
activity, however, has some limitations. The current study was performed with an
assumption that the plasma concentrations are similar to the effect site concentrations.
However, in most of cases in vivo effect site concentrations are difficult to determine and
may differ from plasma concentrations dependent on protein binding and tissue uptake.
Secondly, the environment for bacterial growth in vitro differs from that in vivo. Thirdly,
the drug effect was measured on logarithmically growing bacteria which only describes
the EBA of a drug. Thus, the approach described here cannot predict the sterilizing
activity of drugs on persister (slowly metabolizing) populations of mycobacteria which
are thought of being frequently responsible for relapses under drug therapy. This is one of
the major limitations of most in vitro and in vivo models currently available for
evaluating drug activity in tuberculosis.
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Conclusion

In conclusion, we have shown that a newly developed in vitro PK/PD model can
be used to determine time-kill curves for slow growing organisms as exemplified by the
determination of time-kill curves for dosing regimens of INH against M. bovis BCG. We
have also shown that the time-kill data of INH against M. bovis BCG can be described
using an adaptive IC50 model that corrects for increased drug insensitive populations of
bacteria during the course of treatment. The newly developed model can be used to
determine time-kill curves of novel anti-tuberculosis compounds to aid in their
development. Also, the approach can be used to evaluate new dosing regimens of
currently used anti-tuberculosis agents.
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CHAPTER 4. PHARMACODYNAMICS OF LEE 1106 AGAINST M. BOVIS BCG
IN AN IN VITRO PK/PD MODEL
Introduction

In an effort to develop new and more potent therapies to treat TB, a novel class of
anti-infectives with high in vitro activity against M.tuberculosis, nitrofuranylamides, has
recently been characterized by our group [189-192, 234]. The compound Lee 1106
emerged from the pharmacokinetically-guided paradigm described in chapter 2 and
possesses the characteristics of a lead compound suitable for further development [235].
Lee 1106 was found to have good in vitro activity against M. tuberculosis with an MIC of
0.025 mg/L. Also, Lee 1106 exhibited good metabolic stability with more than 70% of
the parent compound remaining stable after 90 minutes of incubation with co-factor
supplemented liver microsomal preparation. This in vitro observation translated into an
increased in vivo stability (lower plasma clearance) and a longer elimination half-life of
Lee 1106 in rats compared to other compounds in the nitrofuranylamide series. On the
other hand, however , the compound exhibited a poor oral bioavailability of 4.6%, most
likely secondary to poor aqueous solubility [235]. With the recent advances in
solubilization technology, the compound’s apparent aqueous solubility can be enhanced
using solubilizing excipients [200], and this approach is expected to increase its oral
bioavailability. The stability of Lee 1106 in liver microsomal preparations indicates only
limited, if any, involvement of the cytochrome P450 (CYP450) enzyme system in the
clearance of the compound. This absence of major CYP450-mediated metabolism
increases the likelihood of compatibility with existing anti HIV medications which are
mainly metabolized by the CYP450 enzyme system and are frequently co-administered
with anti-tuberculosis agents [188, 236].
In the current chapter we investigated the time course of bacterial kill of Lee 1106
in an in vitro PK/PD model previously developed by our group that simulates the
fluctuating concentrations in the in vivo pharmacokinetic profile of Lee 1106. The Lee
1106-mediated bacterial kill was characterized at different multiple-dose regimens using
M. bovis BCG as a model organism. An integrated PK/PD model was developed based on
the generated bacterial time-kill curves that was able to describe the anti-mycobacterial
effect of Lee 1106 on M. bovis BCG for all tested dosing regimens. The PK/PD model
was subsequently used for numerical simulations to predict the antibacterial effect of Lee
1106 for untested dosing regimens. This approach gained valuable insights into the
potential in vivo anti-mycobacterial activity of Lee 1106 and may guide dose selection
and study designs for future in vivo evaluations.
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Materials and Methods
Culture, Media, and Antibiotics

Mycobacterium bovis BCG was grown in Middlebrook 7H9 broth (Becton
Dickinson, Sparks, MD) supplemented with 10% albumin dextrose complex and 0.1%
v/v Tween 80. The cultures were stored at -80°C in Middlebrook 7H9 broth. For each
experiment, aliquots were thawed and incubated at 37°C in Middlebrook 7H9 broth for 4
days.
The test compound Lee 1106 (1-{4-[3-(5-nitro-2-furyl)-4, 5-dihydroisoxazol-5-yl]
phenyl}-4-[4-(trifluoromethoxy) phenoxy] piperidine) was synthesized in the laboratory
of Dr. R.E. Lee at the University of Tennessee Health Science Center, Memphis, TN
(Figure 2-1, Chapter 2). A stock solution of Lee 1106 was prepared in DMSO and stored
at -80°C. Working solutions of the compound were prepared from the stock solution
using DMSO.
Minimum Inhibitory Concentration of Lee 1106

The MIC of Lee 1106 was determined using the microbroth dilution method
according to the CLSI guidelines [73] and was read by visual inspection. Two fold serial
dilutions of Lee 1106 in 100 µL of the Middlebrook 7H9 broth medium were prepared in
round-bottomed micro liter plates (Nunc, Sigma-Aldrich, St. Louis, MO). An equivalent
volume (100 µL) of broth containing ~105 CFU/mL bacteria was added to each well to
give final concentration of Lee 1106 starting at 200 mg/L and the plates were incubated
aerobically at 37°C for 7 days. The MIC was recorded as the lowest concentration of the
compound that prevented visible growth.
In vitro PK/PD Model Design

A description of the in vitro PK/PD model design is presented in Chapter 3 of this
dissertation.
Time-Kill Curves of Lee 1106

The test organism M. bovis BCG was used to determine the time-kill curves. M.
bovis BCG was grown to early logarithmic growth phase in Middlebrook7H9 medium.
The logarithmically growing culture was then used to inoculate the in vitro model. The
final density of the culture in the in vitro system was ~106 CFU/mL. The medium was
drawn from the flask via the combination of a 5 µm and a 0.22 µm filter at a
predetermined flow rate that mimicked the in vivo elimination half-life of Lee 1106.
Fresh sterile medium was pumped into the flask at the same rate through one side arm to
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keep the volume of the medium at the initial level. The addition of Lee 1106 doses was
started after the culture had reached the logarithmic growth phase which was determined
by the optical density of the culture. Lee 1106 doses were added daily for 7 days to
simulate Lee 1106 plasma concentration-time profiles in rats treated with 0.1, 0.3, 1, 3
and 10 mg/kg/day given once daily (Table 4-1). An elimination half-life of 10.3 hr was
simulated in the in vitro model. The elimination half-life 10.3 hours was adapted from the
intravenous pharmacokinetic data of Lee 1106 in rats [235]. Approximately 200 μL of
the sample was collected at time zero and every day thereafter until the end of the
experiment. The number of viable bacteria in each sample was determined by plating
serial dilutions of the samples on antibiotic-free Middlebrook 7H11 agar plates. The
bacterial cells were washed twice to remove the residual compound before plating. The
plates were incubated for 3-4 weeks at 37°C. The antibacterial activity was measured as
the reduction in number of viable bacteria, expressed as CFU/mL. No-drug control was
included in the study to assess the extent of killing by Lee 1106. The time-kill curves
were constructed based on the time course of CFU/mL measurements.
Time-Kill Curve Data Analysis

The relationship between Lee 1106 exposure and microbial kill was modeled by
using a previously described time-kill curve equation [185],
⎛
N ⎞ ⎛ I max ∗ C ⎞⎤
dN ⎡
⎟−⎜
= ⎢k 0 × ⎜⎜1 −
⎟⎥ × N
N max ⎟⎠ ⎝ IC50 + C ⎠⎦
dt ⎣
⎝

Eq. 4-1

where N is the M. bovis BCG cell count in CFU/mL, k0 is the bacterial net growth rate
constant, Nmax is the maximum number of bacteria in the system in CFU/mL, Imax is the
maximum kill rate, C is the concentration of Lee 1106 at time t, and IC50 is the
concentration at half-maximal kill rate. The logistic growth function, 1-N/Nmax was used
to describe the limited growth of bacteria in the absence of antibacterial agents. The IC50
was modeled as adaptive constant which changes with the exposure and the ratio of the
initial cell count to the cell count at time t according to equation,
Table 4-1.
Dose
Group
Control
Treatment

Experimental Plan with Initial Concentrations of Lee 1106.
Elimination Lee 1106
Half-life
Dose/day
hr
mg/kg
0.1
0.3
1
10.3
3
10
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Number of
Doses

7
7
7
7
7

Initial Conc.
(C0)
mg/L
0.115
0.345
1.15
3.45
11.5

IC50A = IC50 × e

⎛ Adaptation Constant × N 0
⎜⎜
N × AUC 0− 24
⎝

⎞
⎟⎟ ∗t
⎠

Eq. 4-2

where IC50A is the adaptive IC50, N0 is the number of bacterial cells at time zero and
IC50 is the baseline IC50. The adaptive IC50 explains the change in IC50 due to an
increased drug insensitive cell population over the course of treatment, such as the
frequently observed latency for Mycobacterium species [212, 216-218]. All time-kill data
were analyzed simultaneously by nonlinear mixed effects modeling (NONMEM v.6.2,
Icon, Ellicott City, MD). PK parameters were fixed in the PK/PD model and set equal to
their selected values (V=55 mL, where V is volume of the media in the system, half-life,
t1/2 = 10.3 hr) [235]. The first-order conditional estimation method in NONMEM was
used to analyze the generated time-kill curves. The data and model predictions were log
transformed and the random residual variability was modeled using an additive error
term. The between experiment variability in the parameters IC50 and adaptation constant
was modeled as exponential error. Model performance was analyzed using goodness-offit plots, including observed vs. predicted, weighted residuals vs. time and weighted
residuals vs. predictions plots. In addition, a visual predictive check was performed to
evaluate the model. One thousand datasets were simulated from the PK/PD model and
90% prediction intervals from the simulated datasets were overlaid on the observed data.
For identification of the most appropriate empirical PK/PD index associated with
the microbial kill, cell counts on days 2, 3 and 4 were analyzed using an inhibitory
sigmoid Emax model [213] expressed as,
⎛ E max ∗ PKPD H
E = E control − ⎜⎜
H
H
⎝ EC50 + PKPD

⎞
⎟⎟
⎠

where, E is the observed M. bovis BCG log10 CFU/mL, Econtrol is the BCG cell count in
the control experiment, Emax is the maximal antimicrobial effect in log10 CFU/mL, EC50
is the value of PK/PD index that produces half-maximal antimicrobial effect, H is the hill
coefficient and PKPD is one of the empirical PK/PD indices frequently used in infectious
diseases pharmacotherapy, AUC0-24/MIC and Cmax/MIC. The PK/PD index ‘time above
minimum inhibitory concentration’ T>MIC was not estimated because the concentrations
of Lee 1106 were above MIC 100% of the time in the steady-state dosing intervals at all
dose levels except 0.1 mg/kg. The PK/PD index that best characterized the effect of Lee
1106 on M. bovis was selected based on goodness-of-fit criteria (e.g., coefficient of
determination values), residual analysis and the visual inspection.
Numerical Simulations

Numerical simulation experiments were performed based on the PK/PD model to
predict the bactericidal effect of Lee 1106 on M. bovis BCG at untested dosing regimens
in mice, the species frequently used for in vivo infection model of mycobacteria. The
pharmacokinetics of Lee 1106 in mouse were extrapolated from the rat pharmacokinetics
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by using allometric scaling. Dosing regimens of Lee 1106 with twice daily, once daily,
twice weekly and once weekly administration (dosing intervals 12, 24, 72 and 168 hr,
respectively) were simulated using the PK/PD model developed from the experimental
time-kill data collected at once daily dosing regimens. One thousand datasets were
simulated for each dosing regimen, and median and 90% prediction intervals of M. bovis
BCG cell counts were calculated and plotted against time.
Results

The growth rate constant of M. bovis BCG in the in vitro PK/PD model was found
to be 0.0568 hr-1 and the corresponding doubling time/generation time was calculated as
12.2 hours. This doubling time of M. bovis BCG is similar to that observed in the timekill curves of isoniazid, 14.9 hr (Chapter 3) and comparable to the published range (13-20
hours) [219]. Administration of Lee 1106 dosing regimens to logarithmically growing
cultures of M. bovis BCG in the in vitro PK/PD model resulted in reduced cell counts in a
dose-dependent manner (Figure 4-1). The initial kill rate during the first two days of
therapy was -0.35, 0.57, 0.99, 2.12 and 1.67 log10 (CFU/mL)/day for the 0.1, 0.3, 1, 3
and 10 mg//kg/day dosing regimens, respectively (Figure 4-2). The observed initial kill
rates were dose-dependent. No killing was observed with the 0.1 mg/kg dosing regimen
and the highest killing was observed with the 3 mg/kg/day regimen. The killing effect
reached a plateau at the 3 mg/kg dosing regimen. Further increases in dose up to 10
mg/kg did not produce any additional increase in the bacterial kill rate. No delay was
observed between the bactericidal effect of Lee 1106 and the drug exposure at all studied
dosing regimens.
The time-kill data was analyzed using an adaptive IC50 kill curve model based on
Eq. 4-1. The adaptive IC50 function was implemented based on Eq. 4-2. Graphical
representations showing observed and predicted BCG cell counts at all the tested dosing
regimens are displayed in Figure 4-1. The corresponding parameter estimates are listed in
Table 4-2. The maximum kill rate (Imax) was calculated as 0.338 hr-1. The concentration
of Lee 1106 that produces the half-maximal kill rate, IC50, was estimated as 0.55 mg/L.
The adaptive IC50, IC50A, was correspondingly ranging from 0.55 mg/L at early to 31.4
mg/L at late time points. For comparison, the MIC for Lee 1106 determined with the
classic dilution approach was found to be 0.025 mg/L. The goodness-of-fit plots
presented in Figure 4-3 and Figure 4-4 indicate that the PK/PD model (Eq. 4-1) is able to
describe the data well (Figure 4-1). This notion is supported by a visual predictive check
that related the 90% prediction intervals to the experimentally obtained data (Figure 4-5,
panels A to F).
Examination of the relationship between empirical PK/PD indices and microbial
kill for day 3 of the treatment revealed that the PK/PD indices AUC0-24/MIC and
Cmax/MIC both were able to describe the Lee 1106 mediated microbial kill (Figure 4-6).
Similar results were observed for day 2 and day 4 data (results not shown). The parameter
estimates from the empirical PK/PD analysis are listed in Table 4-3. The relationship
between microbial kill and the PK/PD index, T>MIC could not be determined since the
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Figure 4-1. Measured (Symbols) and PK/PD Model Predicted (Lines) M. bovis BCG
CFU/mL over Time for Different Dosing Regimens of Lee 1106. Control experiment, ○;
0.1 mg/kg/day, □; 0.3 mg/kg/day, Δ; 1 mg/kg/day, ●; 3 mg/kg/day, ■; and 10 mg/kg/day,
▲. Lines represent individual predictions based on the PK/PD Model.

78

2.5

Initial Kill Rate
(log10 CFU/mL/day)

2
1.5
1
0.5
0
-0.5
0.1

1
Dose (mg/kg/day)

Figure 4-2.

Initial Kill Rates of Lee 1106 Plotted against Dose.
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Table 4-2.
Parameter

Parameter Estimates of Lee 1106 PK/PD Model.
Units

hr-1
k0
mg/L
IC50
Adaptation
L/mg.hr
Constant
hr-1
Imax
Residual Variability (%CV)

Estimate
(% CV)
0.0568 (15.7)
0.55 (35.3)

Between Experiment
Variability in %CV
*
57.1

0.00016 (91.2)

154

0.338 (13.1)
60.9 (33.4)

*

*No variability estimated for this parameter.
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Figure 4-3. Goodness-of-Fit Plots for the Lee 1106 PK/PD Model - Observed versus
Predicted Values. Panel A shows observed vs. individual predicted values (log10
CFU/mL) and panel B shows observed vs. population predicted values (log10 CFU/mL).
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Figure 4-4. Goodness-of-Fit Plots for the Lee 1106 PK/PD Model - Weighted
Residuals. Panel A shows weighted residuals vs. time (hr) and panel B shows weighted
residuals vs. population predicted values (log10 CFU/mL).
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Figure 4-5. Visual Predictive Check for the PK/PD Model. 90% Prediction intervals
(dotted lines) for time-kill curves calculated from 1000 numerical simulations for each
dosing regimen of Lee 1106. Continuous lines indicate median values and circles indicate
the experimental M. bovis BCG cell counts (CFU/mL) at A) Control (no-drug), B) 0.1
mg/kg/day regimen, C) 0.3 mg/kg/day regimen, D) 1 mg/kg/day regimen, E) 3 mg/kg/day
regimen and F) 10 mg/kg/day regimen.
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Figure 4-6. Relationship between PK/PD Indices and Microbial Kill on Day 3 after
Treatment. Panels A and B show Cmax/MIC and AUC/MIC, respectively.
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Table 4-3.
Parameter
Emax
EC50

Empirical PK/PD Indices Based on Day 3 Data.
Units
log10 CFU/mL
Variable dependent
on the index

AUC0-24/MIC
5.47

Cmax/MIC
5.47

239

20.11

1.14
0.995

1.14
0.995

H
R2

R2 is the coefficient of determination.
concentrations from all the dosing regimens (except 0.1 mg/kg) were above the MIC for
M. bovis BCG during one dosing interval.
For the simulation of time-kill curves for different dosing regimens in future in
vivo efficacy studies in mice, the pharmacokinetics of Lee 1106 were extrapolated from
rat to mouse using three-quarter exponent law in allometric scaling. The elimination halflife of Lee 1106 in mice was calculated as 5 hours. The numerical simulations using
mouse PK data at the once daily (Figure 4-7) and twice daily dosing regimen (Figure 4-8)
showed similar efficacy. The Lee 1106 regimens with once a week (Figure 4-9) and twice
weekly (Figure 4-10) dosing predicted re-growth after an initial decrease in cell counts
due to increased drug insensitive M. bovis BCG cell populations and may result in the
ultimate selection of resistant populations of bacteria.
Discussion

Bacterial time-kill curve analysis captures the dynamic interplay between the
bacteria and the drug by simulating the fluctuation in antibiotic concentrations observed
in vivo. In contrast to a static parameter for antibacterial activity such as MIC, the timekill analysis provides an antibacterial agent’s activity as a function of antibiotic
concentration and time [201]. The in vitro PK/PD models offer several advantages in the
determination of time-kill curves. First, time-kill curves can be determined at a wide
range of concentrations which may not be possible with animal models or human studies.
Secondly, dose-fractionation experimental designs can easily be implemented to remove
the covariance between PK/PD indices to help determine the concentration- or timedependent killing nature of antibiotics. Thirdly, the lack of immune response in the in
vitro PK/PD model allows for a more accurate characterization of the interaction between
the drug and the bacteria. Finally, it is relatively easy, inexpensive and ethical to
determine time-kill profiles in in vitro models compared to in vivo models [206, 208].
The doubling time of M. bovis BCG of 12.2 hours is close to the published range,
13-20 hours, indicating that the in vitro model did not interfere with normal growth of M.
bovis BCG [219]. Lee 1106 exhibited exposure dependent killing of M. bovis BCG which
is evident from the initial kill rates analogous to early bactericidal activity (EBA) during
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Figure 4-7. 90% Prediction Intervals (Dotted Lines) for Time-Kill Curves Calculated
from 1000 Numerical Simulations for Once Daily Dosing Regimens of Lee 1106 in
Mice. Continuous lines indicate median values. A) 0.1 mg/kg regimen, B) 0.3 mg/kg
regimen, C) 1 mg/kg regimen, D) 3 mg/kg regimen and E) 10 mg/kg regimen.
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Figure 4-8. 90% Prediction Intervals (Dotted Lines) for Time-Kill Curves Calculated
from 1000 Numerical Simulations for Twice Daily Dosing Regimens of Lee 1106 in
Mice. Continuous lines indicate median values. A) 0.1 mg/kg regimen, B) 0.3 mg/kg
regimen, C) 1 mg/kg regimen, D) 3 mg/kg regimen and E) 10 mg/kg regimen.
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Figure 4-9. 90% Prediction Intervals (Dotted Lines) for Time-Kill Curves Calculated
from 1000 Numerical Simulations for Once Weekly Dosing Regimens of Lee 1106 in
Mice. Continuous lines indicate median values. A) 0.1 mg/kg regimen, B) 0.3 mg/kg
regimen, C) 1 mg/kg regimen, D) 3 mg/kg regimen and E) 10 mg/kg regimen.
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Figure 4-10. 90% Prediction Intervals (Dotted Lines) for Time-Kill Curves Calculated
from 1000 Numerical Simulations for Twice Weekly Dosing Regimens of Lee 1106 in
Mice. Continuous lines indicate median values. A) 0.1 mg/kg regimen, B) 0.3 mg/kg
regimen, C) 1 mg/kg regimen, D) 3 mg/kg regimen and E) 10 mg/kg regimen.
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the first two days of therapy. When compared to the most efficient anti-tuberculosis agent
INH, Lee 1106 exhibited superior early bactericidal activity. Lee 1106 exhibited more
than 2-log unit reduction (2.12 log10 CFU/mL/day) in viable count every day during the
first two days of therapy. In comparison, INH (300 mg/day) exhibited only a 1.35 logunit reduction in the viable count every day (Chapter 3). The Lee 1106-mediated killing
effect reached a plateau at the 3 mg/kg/day dosing regimen. A further increase in dose to
10 mg/kg did not produce any increase in bactericidal activity. This could be due to a
very broad dose range, 0.1 mg/kg/day to 10 mg/kg/day (100 fold) used in the study,
which eventually reached the maximum possible bactericidal activity (Figure 4-2).
Alternatively, this observation could indicate that Lee 1106 exhibits time-dependent
killing of M. bovis BCG. However, no killing but bacterial growth instead was observed
at the 0.1 mg/kg dosing regimen, even though the concentrations of Lee 1106 were above
the MIC for M. bovis BCG 94.3 % of time during one dosing interval.
The Lee 1106 mediated killing of bacteria ceased after 2-3 days of therapy at
doses 3 mg/kg and 10 mg/kg once daily whereas the bactericidal activity lasted for 4-5
days at doses 0.3 and 1 mg/kg once daily. This difference in the bactericidal activity
appears similar to the paradoxical ‘Eagle effect’ observed for β-lactam antibiotics which
also exhibit reduced bactericidal effects at higher concentrations [237]. As a result, the
re-growth of bacteria was observed after 3 days of therapy at the 3 mg/kg and 10 mg/kg
dose levels and after 5 days of therapy at the 0.3 mg/kg and 1 mg/kg dose levels.
The PK/PD model with an adaptive IC50 function was able to describe the regrowth of bacteria after several days of drug exposure at all the studied dose groups. The
increase in IC50 is inversely related the Lee 1106 exposure and the ratio of cell counts to
the initial cell numbers (Eq. 4-2). This means that low exposure to Lee 1106 results in
increased development of insensitivity, manifested as an increase in apparent IC50. The
IC50 was estimated as 0.55 mg/L and increased over the course of treatment to 31.42
mg/L. Total concentrations of Lee 1106 were utilized in developing the PK/PD model
assuming that the extent of binding to proteins (BSA, bovine serum albumin) in the
medium is similar to that of plasma protein binding. Middlebrook 7H9 medium contains
5 g/L of BSA whereas the albumin in the plasma ranges from 30 to 50 g/L. The stationary
concentration of Lee 1106 which is defined as the concentration at which the rate of
bacterial killing equals growth was calculated using IC50 as described by Mouton et al.
[233]. Usually, the stationary concentration is lower than the MIC for antibiotics with
concentration-dependent kill. On the contrary, the calculated stationary concentration for
Lee 1106, 0.111 mg/L, was greater than the MIC, 0.025 mg/L. This observation is in
agreement with the anti-mycobacterial activity of other compounds in the
nitrofuranylamide series. These compounds showed bacteriostatic effect at concentrations
equivalent to MIC and bactericidal effect at much higher concentrations ranging from 0.1
to 1.56 mg/L [234]. The percentage of time the concentration of Lee 1106 is above the
stationary concentration for M. bovis BCG at 0.1 mg/kg dosing regimen in a dosing
interval is only 1.67%, a likely reason for the absence of bactericidal effect at this dosing
regimen.
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The empirical PK/PD analysis revealed that Lee 1106 exhibits an exposuredependent antibacterial kill. The PK/PD indices AUC/MIC and Cmax/MIC both could
explain the observed Lee 1106-mediated bacterial kill (R2 = 0.995).
Since the aerosol infection mouse model of TB is used widely for the evaluation
of antimycobacterial activity, pharmacokinetics of Lee 1106 were extrapolated from rat
to mouse by using allometric scaling. The scaling from rat to mouse was performed under
an assumption that the metabolic activity and thus the clearance of the compound follows
the three-quarter exponent law [238, 239]. Accordingly, an elimination half-life of 5
hours in mice as opposed to 10.3 hours in rats was used in the numerical simulations for
predicting bactericidal effect of Lee 1106 in the mouse model. The results of numerical
simulation experiments indicate that the twice daily dosing regimens produce a
bactericidal effect similar to the once daily dosing regimens. Furthermore, twice weekly
and once weekly dosing regimens predicted increased drug insensitive populations of
bacteria manifested as re-growth in the predicted time-kill curves. These simulations
suggest that the once daily dosing regimen is adequate for the further in vivo studies in
mouse models of tuberculosis.
Conclusion

In conclusion, we determined the time-kill profiles for dosing regimens of Lee
1106 against a slow growing organism, M. bovis BCG. The PK/PD model with an
adaptive IC50 function was able to describe the behavior in the data along with the regrowth observed after several days of exposure in the time-kill profiles. The model-based
numerical simulations indicate that the once daily dosing regimen in the mouse could
produce similar antibacterial effects as observed in the in vitro kill curve analysis.
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CHAPTER 5. SUMMARY

Currently used strategies for the treatment of tuberculosis involve administration
of multiple drugs for a minimum of 6 to 9 months. However, these prolonged regimens
do not always achieve sterilization, as evidenced by post-therapy relapse in a subgroup of
treated individuals [2]. Treatment of multi drug resistant-TB (MDR-TB) is 100 times
costlier than drug sensitive TB, increases the duration of therapy and necessitates the use
of more toxic second-line drugs [1]. Recently, the emergence of XDR-TB (extensively
drug resistant TB) cases worldwide is increasing concerns that we may lose control over
the spread of TB [1, 3]. Though currently there are intensive efforts to develop new TB
therapies, it is worth noting that no new major classes of drugs have been approved for
the treatment of TB since the introduction of the rifamycins into the market in 1971
[188]. This indifference to the burgeoning drug resistance problem stemmed from the
perceived lack of commercial incentive in the development of new TB drugs. As a result,
a majority of the ongoing efforts in the development of novel therapeutic agents were
initiated by non-profit organizations and academic research institutions [14].
In an effort to develop novel therapeutic agents for TB a new class of chemical
agents, nitrofuranylamides, is being developed by our group [189-192, 195]. In the
current dissertation, I hypothesized that application of an iterative PK/PD-guided
approach would facilitate the identification of antimycobacterial lead compounds suitable
for further development. I investigated this hypothesis for the class of chemical agents
being developed by our group. First, I developed an iterative pharmacokinetically-guided
lead optimization paradigm and successfully applied this approach in the optimization of
nitrofuranylamide lead compounds. To complement the PK guided approach and expand
it to a PK/PD-guided lead optimization paradigm, I developed a novel in vitro PK/PD
model for characterizing the time-kill profiles of lead compounds against mycobacteria. I
validated the in vitro model by characterizing the effect of the first-line anti-tuberculosis
agent isoniazid against M. bovis BCG as a model organism. Lastly, I determined time-kill
profiles for dosing regimens of a nitrofuranylamide lead compound, Lee 1106 in the in
vitro model. I then developed a mathematical model for describing the Lee 1106
mediated bacterial kill. Based on this mathematical model, I performed numerical
simulations for predicting the bactericidal effect of Lee 1106 at different, untested dosing
regimens and gained further insights into the in vivo antimycobacterial activity of Lee
1106.
In the first step, I examined the biopharmaceutic properties and preclinical
pharmacokinetics of nitrofuranylamides to accelerate the optimization of leads into
development candidates. All tested compounds had high in vitro antimicrobial activity.
The first tested compound, Lee 562, exhibited a high systemic clearance, short terminal
half-life, and low oral bioavailability of 15.9%. These observations were further
supported by the poor metabolic stability of Lee 562, which was attributed to its amide
linkage and the benzyl piperazine side chain in the structure (Figure 2-1) Thus, two
second generation follow-up compounds, Lee 878 and Lee 952 were tested that included
structural modifications for increased metabolic stability. For Lee 878, the amide bond
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was replaced by an isoxazole ring; for Lee 952, the amide hydrogen was substituted with
a methyl group and the benzyl piperazine was replaced with a solubilizing morpholino
group. Both compounds showed improved metabolic stability in a rat liver microsomal
stability assay compared to Lee 562, with Lee 878 being much more stable than Lee 952.
As expected, this in vitro observation translated into an increased in vivo stability (lower
plasma clearance) of Lee 878 compared to Lee 562 and Lee 952, with a 20- and 10-fold
higher systemic exposure, respectively. As a consequence, oral bioavailability of Lee 878
reached ~27% compared to 16% for Lee 952 and Lee 562. Since the microsomal
metabolic stability was found to be correlated with the oral bioavailability of the first and
second generation compounds we tested, a new set of nine third generation compounds
with high in vitro activity belonging to the same series was screened for microsomal
metabolic stability to guide selection of a stable compound for pharmacokinetic
evaluation. The most stable compound in the assay, Lee 1106 was selected for further PK
evaluation in rats. The compound exhibited favorable pharmacokinetic properties such as
a low systemic clearance and a long terminal half-life. However, oral bioavailability of
Lee 1106 was limited (4.6%). Biopharmaceutic evaluation of the compound showed that
the compound has poor aqueous solubility and a high clogP. The compound also
exhibited high plasma protein binding. All three qualities, poor aqueous solubility, high
clogP and high plasma protein binding suggest hydrophobicity of the molecule. Based on
these results, a screening paradigm (Figure 2-8) was developed for optimization of the
nitrofuranylamide lead compounds in a timely and cost-effective manner [235]. The lead
compound Lee 1106 was selected for further evaluation in an in vitro PK/PD model.
In order to develop a PK/PD guided approach to lead optimization, a simple,
inexpensive and reliable in vitro assay for the pharmacodynamic assessment of novel
antibiotics is very much needed. Considering the slow growing nature of M. tuberculosis
and the lack of availability of suitable pharmacodynamic models for assessing the activity
of antimicrobials against slow growing organisms, I developed a novel in vitro PK/PD
model and evaluated its performance by studying the pharmacodynamic effect of a first
line antituberculosis drug, isoniazid (INH) against M. bovis BCG as a model organism. In
the in vitro model M. bovis BCG was exposed to drug concentration-time profiles as
usually encountered in humans during multiple dose therapy. Simulated INH dosing
regimens included 25, 100 and 300 mg/day. Concentration-time profiles were simulated
for both human INH metabolism phenotypes, fast as well as slow metabolizers secondary
to NAT2 polymorphism. The generated time-kill data was analyzed using a semimechanistic pharmacokinetic-pharmacodynamic model that included an adaptive IC50
function for explaining the re-growth of bacteria observed over the course of treatment.
The PK/PD model was able to describe the data well. Empirical PK/PD analysis revealed
that the AUC0-24/MIC is the most explanatory PK/PD index for the antimicrobial effect of
INH on M. bovis BCG. The exposure dependent killing of bacteria by INH is in
agreement with similar in vitro and in vivo studies using M. tuberculosis as test organism
[167, 212, 215]. These findings suggest that the proposed in vitro PK/PD model and
associated modeling approach are valuable tools for the assessment of antibacterial
activity in slow growing microorganisms.
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After successful application for INH, the in vitro model was used to investigate
the time-kill behavior of the novel lead compound, Lee 1106. Lee 1106 showed
exposure-dependent killing of M. bovis BCG. Empirical PK/PD analysis identified the
PK/PD indices AUC/MIC and Cmax/MIC as predictors of the bactericidal effect of Lee
1106. Numerical simulation experiments were performed using the PK/PD model to
predict the kill effect of different untested multiple dose regimens of Lee 1106 in mice.
The pharmacokinetics of Lee 1106 were extrapolated from rats to mice by allometric
scaling. The mouse PK was used in these simulations since the mouse models of TB are
widely used for assessing the efficacy of anti-TB compounds. The simulation
experiments suggest that once daily dosing would be adequate for in vivo efficacy studies
in mouse models. The time-kill curves obtained by numerical simulation will guide the
selection of dosing regimens for future in vivo experiments (M.tb mouse infection
models).
In summary, we have successfully developed an iterative PK/PD guided process
for lead optimization of nitrofuranylamides that uses a set of biopharmaceutic,
pharmacokinetic and pharmacodynamic evaluations designed to identify the compounds
suitable for further development. The utilization of PK/PD principles is believed to result
in a scientifically driven, evidence-based, more focused and accelerated drug
development process. Knowledge about the mechanistic reasons for lack of in vivo
efficacy are of particular importance in guiding the chemical lead optimization process
and to pinpoint the potential molecular modifications a compound has to undergo in order
to have bioactivity and drug-likeness, i.e., the set of molecular properties and structural
features that determine whether a compound is likely to succeed in drug development.
The results of this study serve as an example for the optimization of lead compounds
against tuberculosis. The general approach described in this dissertation, however, can
also be applied in the optimization of leads in other chemical classes for treating
tuberculosis and as well as other bacterial infections of slow as well as fast growing
microorganisms.
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